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ABSTRACT
The engineering profession has been called upon by the
public in recent years to provide ever increasing degrees of
containment for low level waste contained in shallow sub­
surface waste containment facilities. To provide this
protection, the use of engineered liners or barriers has
become a common design feature. In many cases, these
barriers are constructed out of natural clays or artificial
mixtures of clay minerals.
The use of soil barriers to contain waste products
consisting of strong electrolyte solutions, has met with
mixed success. Clays of lowest permeability are also those
whose behavior is the most influenced by the presence of
salt solutions. Failures of clay liners exposed to
electrolyte solutions have not been well documented. The
mechanism for failure seems to be the result of shrinkage of
the clay, which then leads to the development of a secondary
structure of cracks and fissures. Field cases of liner
failure have often been described as occurring as a result
of "osmotic desiccation".
The general objective of this study was to define, and
quantify, the mechanisms controlling the rate and magnitude
of volume change in clay soils exposed to strong electrolyte
solutions. A review of the literature presented two
possible mechanisms
termed osmotically
consolidation.
Osmotically induced consolidation occurs as a result of
for osmotic volume change.
induced consolidation and
These were
osmotic
rapid flow of water out of the sample in response to osmotic
gradients. Osmotic consolidation occurs as as result of a
reduction in the net electrostatic repulsive stresses
between clay particles. A general theoretical description
of osmotically induced consolidation and osmotic
consolidation was developed. A phenomenological approach was
adopted to describe fluid flow in response to osmotic
gradients. A Darcy type flow law was used to related
osmotic flows to osmotic gradients through a conductivity
term called the osmotic permeability. To describe osmotic
consolidation, the osmotic pressure of the pore fluid was
selected as a stress state variable. Volume changes were
linked to the osmotic pressure of the pore fluid through a
constitutive relationship. The soil property used to define
changes in soil volume due to osmotic pressure changes was
called the osmotic compressibility.
A numerical solution to the theoretical description of
osmotic flow and volume change was developed using finite
element techniques. This model was used to characterize the
processes of osmotic and osmotically induced consolidation.
A laboratory program was undertaken to monitor the osmotic
flow and volume change in two clays; Regina Clay and an
Ottawa SandI Na montmorillonite mixture. From the results
of these tests the dominant mechanism of volume change for
these clays was found to be osmotic consolldatipn. The test
procedures developed allowed the soil properties describing
osmotic flow and volume change to be evaluated.
A technique was developed by which the electrostatic
repulsive stresses within a clay could be measured
indirectly through laboratory testing. The results
indicated that the onset of fracturing may be predicted by
comparing the change in the net repulsive stress that occurs
as result of changing pore fluid concentrations, to the
confining stress within the soil.
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CHAPTER 1
INTRODUCTION
1.1 General Background
Public concern regarding the protection of the
environment �s grown dramatically over the last two
decades. Accompanying these concerns have been increasingly
stringent regulatory requirements on engineering works that
may have deleterious impacts on the environment.
Consequently, the engineering community has been faced with
ever increasing demands to provide designs that will not
affect the environment in any adverse way. Geotechnical
engineers responsible for the design of waste containment
facilities face an extremely difficult problem in this
regard.
Engineered containment facilities are required for the
storage of small quantities of extremely toxic, or high
level, waste as well as large volumes of low level waste,
such as mine tailings. A primary focus of design has been
to minimize the amount of leakage from the containment
facility into the environment.
The demand for low or "zero" leakage impoundments for
waste requires that barriers, or liners, of low permeability
be utilized. In many cases, natural clay barriers or
compacted earth liners have been relied on to provide this
containment. Unfortunately, the clays that are
characteristically of low permeability are also those which
are the most physio-chemically active. The mechanical and
hydraulic properties of these materials are strongly
influenced by the chemical composition of the pore fluid.
Physio-chemical alteration of the physical and
mechanical properties of clays has been of particular
concern in the design of impoundments to contain strong
electrolyte solutions such as salt brines. Containment of
brines in shallow surface impoundments is commonly required
in many industries. Examples include the potash mining
industry, the displacement storage of petroleum products in
evaporite formations, oil exploration, and storage
impoundments for road salt.
1.2 The Use of Clays for Brine Storage
- Field Evidence
The use of clay barriers to contain salt wastes has met
with varying degrees of success. Few references exist in the
literature regarding the use of clays for the storage of
electrolyte solutions (Ridley 1985). It is more common to
find unpublished reports, or verbal communications
regarding the failures as well as the successes of these
designs. Several case histories will be described briefly
.in order to illustrate the nature of the problems that may
occur in these types of installations.
Imperial Oil Brine Ponds
- Redwater Alberta - FAILURE
Devenny (1918) investigated the failure of a NaCl brine
pond several years after construction. The pond was lined
with a compacted clay-till liner. The failure of this liner
was also described by Wallace and Eigenbrod (1984) as
follows:
"The investigation concluded that the primary
causes of leakage related to the operating
conditions of the pond. A fractured block
structure was noted to have become dominant within
the liner materials, with definite vertical and
horizontal fissures and fine fractures."
Hudec (1919) reported that samples of this material
underwent approximately 1.5% shrinkage, accompanied by the
development of "large through going cracks", when submerged
in brine. Cracking of the samples was also evident in
permeability tests conducted by Hudec. A 5-fold increase in
the permeability of the samples occurred when the permeant
was changed from freshwater to brine. This increase was
2
linked to the development of a secondary structure of cracks
and fissures due to "osmotic desiccation cracking".
Procor Brine Ponds - Regina, Saskatchewan
- SUCCESS (?)
Several unlined brine ponds have been operated by
Procor in Regina over the last 14 years. The ponds are
situated within a surficial deposit of highly plastic clay,
approximately 7 to 8 metres thick. A investigation of
leakage from these ponds was carried out by Kent and Clifton
(1980) and Kent and Chursinoff (1981). They found that
shallow lateral leakage from the ponds was taking place.
This leakage was confined to the upper surface of the clay.
The clay is fractured and fissured to a depth of
approximately 3 metres due to desiccation. There was no
evidence of vertical leakage deeper into the natural clay
and clay till.
The author visited the site in July 1985 during
rehabilitation of one of the ponds which had been operating
without a liner for 6 years. Soft, saturated soil which had
been eroded from the slopes of the impoundment and had
settled on the base of the lagoon had been removed. The
natural soil below this level was found t� be very stiff and
dense, with no evidence of the softening that would be
expected below a surface water impoundment.
Soil extracts (2:1 water:soil) of samples taken below
the base of the pond illustrate that even over 6 years of
operation, brine penetration has only occurred through the
upper 3 metres (Figure 1.1). It would appear that downward
migration of the brine only occurred through the upper
fractured material. There is no evidence that fracturing of
the deeper intact clay has occurred.
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Potash Tailings Ponds, Saskatchewan
- SUCCESS (1)
A recent study of the waste management facilities at
the ten potash mines in Saskatchewan was completed by Tallin
(1984). Nine of the ten mines in Saskatchewan are located
over clayey deposits. At eight of these mines there have
been significant problems with shallow seepage of brine from
the tailings ponds. The failure of compacted clay barriers
to contain the tailings brine has generally been contributed
to "construction problems".
The shallow leakage within the natural material occurs
because of lenses of coarser sediments within the clayey
surficial deposits, or as a result of the desiccated,
fractured nature of the upper surface of the clay. There is
little evidence to date that deep penetration of the brine
into the natural clay deposits is occurring.
It is difficult to draw any specific conclusions from
the few case histories available. As a result of failures
of clay liners, there is a growing concern within the
industry that compacted fresh water clay liners are
ineffective as barriers. Yet, in many cases natural clay
barriers at depth seem to be fairly effective.
There is little understanding of the specific
mechanisms at work in either the failures or successes.
Failures are often attributed to "osmotic effects", however;
there is no definition of what these effects actually are.
4
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Figure 1.1 Concentration of Soil Extracts with Depth
- Procor Brine Pond
1.3 Guidelines and Design
Environmental guidelines in Canada provide few special
design requirements for clay barriers used to contain strong
electrolyte solutions. A minimum thickness and permeability
for the liner are commonly specified. If the liner is to be
exposed to brine, a somewhat thicker liner is specified
(Ridley 1985).
In design, there has been no attempt to predict the
behavior of the liner when it is exposed to brine. Rather,
a fairly empirical approach to design has been pursued.
Laboratory model testing has been used to observe the
changes that occur in the permeability of a particular liner
material when it is exposed to the waste fluid.
It has been recognized that the permeability of a liner
may change as it is permeated with a waste fluid. The
specification of liner permeability in guidelines has led to
a significant amount of research on the change in
permeability of liners on permeation with leachate, organic
fluids, or brine (Anderson 1982, Anderson and Jones 1983,
Ridley 1983, Jones 1984, Buettner 1985, Zrymiak 1985).
Ridley (1985) provides a detailed review of this area of
study.
1.4 Possible Mechanisms for Permeability Increases
Changes in the permeability of a soil after permeation
with a waste fluid are primarily a result of changes in
either the macro or micro structure of the clays. Anderson
and Jones (1983) suggest that changes in the micro or macro
structure occur when the clay experiences either of the
following:
1. Volume changes on exposure to the permeant, and
2. Piping or dissolution due to chemical reactions
between the permeant and the soil solids.
Rapid, substantial, increases in the permeability of
clay soils due to brine exposure can often be linked to
volume changes. Shrinkage of the clay in the presence of the
electrolyte solution causes the development of a secondary
structure of cracks and fissures. The permeability of the
fractured soil mass is significantly larger than that of the
unfractured clay matrix.
Turk (1974) studied interactions between brine and
unconsolidated sediments below brine ponds. He found that
shrinkage and cracking occurred in these sediments that led
to increased leakage from the ponds. Turk suggested that
volume change may have occurred as a result of osmosis
between the brine and underlying freshwater.
1.5 Study Objectives
Clay liner
- leachate compatibility is an active area
of study at the present time. Designs and regulatory
requirements continue to be based on compatibility testing
of leachate/liner combinations. There remains, however, no
theoretical framework for the prediction of the volume
change of clays due to exposure to electrolyte solutions.
This study is an attempt to obtain an understanding of
the nature of the volume change behavior of clay soils
caused by the presence of electrolyte solutions. The
objectives of this study are as follows:
1. To observe the volume change behavior of clay soils
on exposure to a strong electrolyte solution.
2. To identify the dominant mechanisms of osmotic volume
change.
2. To develop a theoretical model to describe transient
osmotic volume change, based on a phenomenological
approach.
3. To evaluate the potential use of the theoretical
model to predict the rate and magnitude of volume
change in clay soils on exposure to NaCl brines.
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Chapter 2 provides a summary of the potential
mechanisms for volume change in clay soils as represented in
the literature. A theoretical formulation to describe
osmotic volume change and flow is developed in Chapter 3. A
numerical solution for the governing equations describing
osmotic volume change is presented in Chapter 4. The
laboratory program used to observe the behavior of two clay
soils exposed to NaCl solutions is outlined in Chapter 5,
and the results from these tests are presented in Chapter 6.
Analyses of the laboratory results and an evaluation of the
prediction of osmotic flow and volume change is provided in
Chapter 7. Final conclusions regarding this study are
outlined in Chapter 8.
CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
Consolidation of saturated clay soils may be described
as time dependant volume change which results from a net
fluid flux out of the soil mass. The soil behavior during
this transient process is influenced by two separate soil
properties: the resistance the soil provides to fluid flow
through the pores, and the resistance of the soil structure
to deformation.
Terzaghi (1925) derived a theoretical description of
the consolidation of clay soils utilizing a fluid flow law
and a constitutive equation for the deformation of the soil
structure. Darcy's law was used to describe the movement of
fluid within the soil mass. Darcy's law relates the
gradient of hydraulic head to the fluid flux, through the
soil property called permeability.
The constitutive equation links the deformation of the
soil structure to the effective stress on the soil through
the soil property called compressibility. Terzaghi defined
effective stress as the difference between the total stress
and the pore fluid pressure.
In evaluating the influence of pore fluid salt
concentrations on the time dependant volume change of clay
soils, the question arises as to the influence that the
dissolved salt has on fluid flow and deformation of the soil
structure. The question could be asked as to whether the
energy which produces fluid flow and deformation within the
soil is altered by the presence of dissolved salt.
9
Terzaghi (1931) described the energy within a soil
fluid system as follows:
"The energy of a two-phase system of given
concentration is composed of two parts, mechanical
energy and physio-chemical energy. The former
represents the equivalent of previous mechanical
compression of the solid phase and can be compared
with the energy stored in a compressed spiral
spring. The latter is the energy equivalent of
the physio-chemical interaction of the solid and
the liquid phase."
If the physio-chemical interaction between the solid
and solution phases is unaltered, then the use of effective
stress provides an adequate description of soil behavior.
However, if solution concentrations vary, then changes in
the physio-chemical interactions may be significant. The
effects of these changes must either be incorporated into
the theoretical description of the stress state within the
soil mass, or they must be duplicated in laboratory testing
used to define the soil properties.
In the absence of changes
interactions between the solid and
in the physio-chemical
solution phases, the
presence of salts may also alter the pore pressure
distribution within the soil. These pore pressures may in
turn cause changes in the mechanical energy of the system.
Terzaghi (1931) stated that mechanical interactions playa
dominant role in the swelling of clays. He states:
"According to this point of view, physio-chemica1
interactions which take place within the systems,
influence the swelling only inasmuch as they
change the elastic properties in the system by
altering adhesion at the points of contact, or
stiffness of molecular links or by generating an
additional tension in the liquid phase by an
osmotic pressure effect."
In summary; to understand the consolidation behavior of
clay soils in the presence of strong and varying solution
concentrations, the influence of the salt on fluid flow and
on the resistance of the soil structure to deformation must
be understood. This chapter provides a review of osmotic
10
phenomena in clay soils with specific focus as to the
influence that osmotic effects have on fluid flow and volume
change.
2.2 Osmotic Phenomena in Soils - Overview
Soil pore fluid is made up primarily of water and
various dissolved solids. These dissolved solids are
commonly Na, Mg, or Ca salts. In this discussion the
components of the pore fluid will be referred to as the
solvent (ie.,water) and the solute (ie.,dissolved solids).
Osmosis is the term used to describe the phenomenon by
which a solvent passes from a solution of lower
concentration through a semi-permeable membrane into a
solution of higher concentration. A membrane is described
as semi-permeable if it allows the passage of solvent, but
not the solute, across it. Figure 2.1 provides a simple
illustration of the osmotic phenomenon. Two cells of
solution are separated by a semi-permeable membrane. The
solution on the left has a higher concentration of solute
than that on the right; consequently the free energy, or
chemical potential, of the solvent on the right is higher.
The solvent diffuses through the membrane from right to left
in response to this chemical potential. A similar driving
force from right to left exists on the solute, however, its
migration is prevented by the membrane.
Solvent flow through the membrane can be prevented if
the energy of the solvent on the left is raised relative to
that on the right. This may be accomplished by increasing
the pressure 'on the solution in the le�t cell. When
sufficient pressure is applied, the flow of solvent between
the cells is prevented. The pressure at which equilibrium
is attained is called the osmotic pressure. If the pressure
on the left cell is higher than the osmotic pressure the
solvent will be forced to flow from left to right, contrary
to its concentration gradient. This phenomena is called
11
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Figure 2.1 Schematic Illustration of Osmosis
a) Osmotic Flow
b) Osmotic Pressure (after Mitchell 1976)
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re�erse-osmosis- or byperfiltration (Spiegler and Laird
1980) .
The osmotic pressure can be calculated from
thermodynamic principles using the following relationship
(Kemper and Rollins 1966):
'IT= (R T/V) In (a )
w
where: 'IT: osmotic pressure
.a.w : activity of water
R = universal gas constant
T = absolute temperature
V : molar volume of solvent
[ 2. 1 ]
The values of molar volume and activity may be obtained from
chemistry handbooks such as Robinson and Stokes (1968).
The osmotic pressure can also be approximated using the
van't Hoff approximation:
'IT=RTC [2.2]
where: C = sum of the molar concentra�ions of anions
and cations in the solution.
Figure 2.2 provides a comparison of the theoretical and
van't Hoff approximation of osmotic pressure for NaCl
solutions.
The simple description of osmosis provided above
illustrates a number of significant features of osmotic
phenomena;
1. Solvent flow occurs in the presence of a osmotic
gradient,
2. Solute migration is restricted by the presence of a
semi-permeable membrane, and,
3. In the presence of osmotic gradients, a hydrostatic
pressure imbalance is required to prevent solvent
movement.
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•These key features are reflected in studies of osmotic
phenomena that have been conducted in a variety of
disciplines including soil science, geology, hydrogeology,
and geotechnical engineering. In soil science, osmotic
phenomena have been studied in relation to the movement of
water in saline soils and the diffusion of salt through
clays (Low 1955, Abd-e1-Azlz and Taylor 1965, Kemper and Van
Schaik 1966, Kemper and Rollins 1966, Mokady and Low 1968).
Studies in geology have used osmotic phenomena to
explain two similar deep groundwater conditions; the
existence of excess pressure anomalies in deep saline
connate waters (Hill et al 1961, Berry 1960, Hitcheon 1969,
Marine and Fritz 1981, Hanshaw and Zen 1965), and. the
development of saline waters by ion filtration (de Sitter
1947, White 1957,1965, Bredehoeft et al 1963, Fothergill
1955, Graf 1982, Bailey 1961, Kharaka and Berry 1965). A
comprehensive review of osmotic phenomena in geologic
environments is provided by Neuzil (1986).
In contaminant hydrogeology there has been little
direct reference to osmotic phenomena, but rather to
analogous phenomena of anion exclusion and cation
adsorption. In these processes, ion movement is restricted
by the presence of a clay membrane'CGl11ham and Cherry 1982,
Appelt et a1 1975, Thomas and Swoboda 1972, Ridley 1985,
Mckelvey and Milne --1960) .
The consolidation of clays under the influence of
osmotic flows has been studied by Greenberg (1971),
Greenberg et al (1972, 1973) and Mitchell (1973). The
effects of pore fluid composition on the compressibility and
swelling of clay soils bas been studied by numerous authors
including; Bolt and Miller (1955), Bolt (1956), Warkentin,
Bolt and Miller (1957), Olson and Mitronovas (1960), Ay1more
and Quirk (1961), Blackmore and Miller (1961), Warkentin and
Schofield (1962), Quirk (1963), Bailey (1965), El-Swaify and
Henderson (1967), Klausner and Shainberg (1967,1971), Mesri
and Olson (1971), Balasubramonian (1972), Sridharan and
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Venkatappa Rao (1'97�), and Mitchell (1976). The literature
in this area will be discussed in�ore detail in section
2.4.
2.3 Osmotic Flow
Osmotic flow will occur across a clay soil, in the
presence of concentration gradients, if the clay exhibits
the properties of a semi-permeable membrane. In the
following sections the literature describing the nature of
semi-permeable membranes and osmotic flow will be reviewed.
A flow law for osmotic flow through clay soils is also
presented.
2.3.1 Evidence of the Semi-permeable Nature of Clays
Extensive laboratory as well as field evidence exists
regarding the semi-permeable nature of clays soils. The
majority of the field evidence comes from studies of
geologic membranes in large scale flow systems. These
studies have dealt with the interaction of aquifers and
confining clay layers where the clay layer separates fresh
and saline groundwater.
If a saline water aquifer is confined by clay
aquitards, excess pressures may develop within the saline
aquifer in response to osmotic gradient's. Anomalous
pressures in saline aquifers have been reported by Berry
(1959), Berry and Hanshaw (1960), Hill (1961), Hanshaw and
Zen (1965), Van Everdingen (1968), Hitcheon (1969), Marine
and Fritz (1981), and Hanshaw and Hill (1969).
The evolution of deep saline connate waters has also be
attributed to osmotic phenomena. Migration of groundwater
through aquifer/aquitard systems results in the development
of concentrated brines within confined aquifer systems, due
to ion filtration. The role of ion filtration (ie.,
hyperfiltration) in the evolution of subsurface brines has
been discussed by de Sitter (1947), Fothergill (1955), White
16
•(1957, 1965), Bredehoeft et al (1963), Kaharaka and Berry
(1973), Graf (1982) and others.
Numerous laboratory investigations of osmotic flow have
been conducted. Measurements of fluid flow in response to
concentration gradients across a clay sample have been
undertaken by Young and Low (1965), Kemper (1961), Kemper
and Evans (1963), Kemper and van Schaik (1966), Kemper and
Rollins' (1966), Mokady and Low (1968), Bolt and Groeneve1t
(1969), and Elrick et al (1976). Figure 2.3a illustrat·es
the simple osmometer used by Young and Low (1965) to measure
osmotic flows through disks of siltstone bedrock, taken from
the Viking Formation in Alberta, Canada. The osmotic flow
rates measured by Young and Low are illustrated in Figure
2.3b.
Laboratory measurements have also been made of the
hydraulic pressure that develops across a clay sample when
osmotic flow is prevented from occurring. Tests of this
type have been described by Kemper (1961), McKelvey and
Milne (1963), Abd-el-aziz and Taylor (1965) and Olsen (1969,
1972, 1985). Figure 2.4 illustrates the type of apparatus
used by Kemper (1961) and the test results for several clay
soils.
Apparent deviations from Darcy's law have also been
attributed to osmotic flow by several investigators
including Kemper (1961), Low (1955) and Olsen (1985).
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2.3.2 Mechanism for the Semi-permeable Nature of Clays
The osmotic flow of water that develops within clays
which behave as semi-permeable membranes is described by
Mokady and Low (1968) as follows:
"The evidence obtained in the present study
indicates that water moves through a clay in
response to a salt concentration gradient by
viscous or quasi-viscous flow. Usually, this kind
of flow is associated with a hydraulic gradient
that is measurable by tensiometers or piezometers.
However, the data show that no hydraulic
gradient, measured in the conventional way,
existed in the systems under investigation.
Consequently, the observed flow cannot be ascribed
to a hydraulic gradient. Therefore, the
absence of an hydraulic gradient cannot be
construed as evidence for the absence of an
internal pressure gradient." (p123 Mokady and Low
1968)
The PQtential mechanism by which viscous flow of
solvent develops in response to concentration gradients is
described by Kemper and van Schaik (1966) as follows:
"Under practical conditions pressure gradients,
electrostatic potential gradients, and osmotic
pressure gradients may cause movement of the
solution with respect to the solid matrix. the
osmotic pressure gradient is always associated
with a concentration gradient in the diffusion
process. If the soil or clay restricts the solute
components more than the water, the osmotic
pressure gradient becomes a real pressure gradient
causing bulk flow of the soluti6n"(p. 535 Kemper
and van Schalk 1966)
The nature of a semi-permeable membrane is that of a
porous medium whose pores are continuous and which retards
or hinders the flow of solute more than the flow of solvent
(Greenberg 1971).
proposed for the
membranes (Greenberg
A variety of mechanisms have been
semi-permeable
1971, Spiegler
nature of
and Laird
artificial
1980). Two
mechanisms that may be applicable to natural soils are the
sieving mechanism and the permselectivity or electrostatic
mechanism.
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Sieving, as the name implies is a mechanism by which
the solute molecules are filtered out from the solvent
simply on the basis of geometrical size restrictions. This
mechanism has some validity for large diameter organic
molecules. For salt molecules, however, the diameter of the
solute is not significantly different than that of the water
molecules, and is not larger than that of the soil pores.
o
For example, an estimate of 10 A for the diameter of the
smallest clay pore is still larger than the diameter of ions
o
such as Na+ or Cl-, which have diameters of 1 to 10 A.
The permselectity, or electrostatic mechanism, is based
on the fact that the clay particles usually contain net
negative electrical charges on their surfaces. Electrolytic
solutes which would pass by these charged surfaces would
experience retardation due to the adsorption of the cations
into the double diffuse layer surrounding the particles and
the repulsion of the anions. In the absence of an
electrical imbalance in the bulk solution, this mechanism
would effectively restrict the migration of the solute
Mckelvey and Milne (1960) and others.
The viscous nature of osmotic flow has been
within the soil pores.
clay has been described
et al (1975), Thomas
The occurrence of anion exclusion in
by Gillham and Cherry (1982), Appelt
and Swoboda (1972), Ridley (1985),
demonstrated for artificial membranes by Mauro (1957) and
Kemper and Evans (1963). The flow rates measured by these
investigators were too large to be explainable on the basis
of solvent diffusion alone. Mauro provides this comment on
the viscous nature of osmotic flow:
21
="It should be emphasized that there is no kinetic
theory in existence to explain the basis of the
flux arising from the mole fraction effect.
Unfortunately, the theory of liquids is inadequate
at the present time for carrying out more than
speculative analysis, but certainly, as suggested
by Lars Onsager, there must be a momentum
deficiency in the microdomain of the pore in the
solution side of the barrier. That is, in a solid
region of the barrier, the time average transfer
of momentum is that prescribed by the hydrostatic
pressure of the phase, but 1n the opening of the
pore there is a deficiency since the momentum
arising from the macromolecule is not transferred
to the solvent species in the pore, being cut off
by the finite size of the pore."
Conceptually the mechanism for sieving and
of the momentum of
might have been
permselectivity is similar. A portion
solute and solvent molecules that
transferred across the soil pore is being removed due to the
physical or electrical restriction provided by the particle.
[2.1]
2.3.3 Flow Law for the Solvent
In the presence of a perfect semi-permeable membrane
solvent will flow through the membrane in response to the
chemical potential difference across the membrane. The flow
equation for solvent flow can be written in a form analogous
to that of Darcy's law for fluid flow due to hydraulic
gra�ients;
where: qn = solvent flux
kn = media conductivity for osmotic flow
x = distance
n ::a osmotic pressure
For thin membranes, across which a pressure
difference acts, Heyer et al (1969) gave this equation the
following form, called Starlings Law:
q
= - k (.6. P
- t:. 7f )
h
[ 2.2]
where: P = hydraul ic pressure
kh
= media conductivity to hydraulic flow
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The ,following, aspects of
this form of equation;
osmotic flow are implicit i�
1. The solvent flow across the membrane is viscous,
2. The conductivity of the membrane is the same,
regardless of whether the driving force is
hydrostatic pressure on the solution, or osmotic
pressure in the solvent, and
3. The solvent flux is directly proportional to the
osmotic gradient.
In soil systems it has been observed that the fluxes
due to osmotic gradients cannot be accounted for by
diffusion of water molecules (Mokady and Low 1968, Kemper
1961, Kemper and van Schaik 1966). Describing osmotic flow
as either viscous or diffusive, however, may not be so much
a real physical difference as much as it is one of
definition. Mokady and Low (1968) describe this as follows:
"there may be
the degree of
is molecules
diffusion, as
flow".
Equation (2.1)
no inherent difference other than
cooperation between molecules, that
probably move individually in
clusters or domains in viscous
implies that the conductivity should be
simply a constant of proportionality between the flux and
osmotic gradient. The proportionality between osmotic flow
and osmotic gradient has been demonstrated by numerous
researchers, including Heyer et al(1969), Low (1955), and
Olsen (1969,1972).
The flow equation (Equation 2.1) shown' above is
sufficient in the case of a perfect semi-permeable membrane;
however, if the membrane is "leaky" with respect to the
solute, the equation is somewhat more ambiguous. In the case
of a leaky membrane, the 'equation relates the flux of the
solvent to driving forces acting on the solvent as well as
the solution. To describe the flow of water through
imperfect membranes, the flow equation may be modified by
considering the "osmotic efficiency" of the membrane.
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•2.3.4 Osmotic Efficiency
Staverman (1951)
reflection coefficient
coined a
to handle
parameter
imperfect
called the
artificial
membranes. This parameter is used as an empirical constant
by which the theoretical osmotic gradient is reduced so that
the observed solvent fluxes are obtained. The flow equation
then becomes:
solvent which has been
to promote viscous flow
reduced. In the absence
of the
q
=
-kh(�P/�x
- cr�n/�x)
where: (1 =- reflection coefficient
[2.3]
The disadvantage
that the driving force
ability of the membrane
of this approach is that it implies
is reduced, when in fact it is the
of any
stillrestriction to the solute the osmotic gradient
undiminished; howev�r, it is now dissipated by
rather than viscous solute flow.
Combining the pressure and osmotic gradients is only
valid if the membrane is perfect. With a leaky membrane,
such as clay, the flow through the membrane due to the
pressure gradient will be solution, whereas the flow due to
the osmotic gradient will be solvent alone.
A preferred approach would be to use a separate
conductivity for osmotic flow such that;
is
diffusion
qn= kn(� TI/�x)
Solution flow due to pressure gradients is written with
a separate conductivity from that of the solute flow due to
osmotic gradients. The total volumetric flux may be written
[2.4]
then as;
qt
=
-kh dP/dx
+ kndn/dx [2.Sal
or
qt
=
-kh dP/dx
+
(1khd
7T /dx (2.5b1
where: (1 = kn / kh
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For soils the ratio of kn I kh is termed the osmotic
efficiency of the membrane. This a similar to the reflection
coefficient described by Staverman (1951) for artificial
membranes.
Kemper and Evans(1963) calculated the osmotic
efficiency of synthetic membranes to various organic solutes
based on the degree of exclusion of the solute molecules
that occurred due to geometrical size restrictions. As
described by Mauro (1957), pore fluid pressure may be
described as the average change of momentum of all molecular
collisions. The pressure in the solution on both sides of a
semi-permeable membrane may be the same. However, in the
vicinity of the pore, the impacts of the solute molecules
are taken in part by the membrane itself. This results in a
pressure deficiency on the solution side of the pore, and
viscous flow of solvent then occurs from the inside of the
pore, into the solution.
The permselective mechanism for the restriction of
charged solutes from the pore spaces of charged particles
may be viewed in a similar manner to that described above.
Any factor which reduces the number of solute molecules
impacting on solution inside the small restricting pore will
cause an increase in the osmotic efficiency. In
permselective membranes, the repulsion of anions from the
vicinity of negatively charged clay surfaces would be such a
factor (Kemper and Evans 1963).
Kemper and Rollins (1966) calculated the osmotic
efficiency of clays based on a approach similar to that used
for artificial membranes. The assumption was made that the
"driving force on the solution (solvent) is approximately
proportional to the degree to which the solute is excluded".
The driving force was considered to be the osmotic pressure
difference between the bulk solution and the solution within
the pore. This osmotic pressure difference was calculated
using the van't Hoff approximation. The concentration of the
25
•pore fluid concentration within the pore was based on double
diffuse layer theory. Experimental results obtained on
samples of Wyoming bentonite gave osmotic efficiencies which
agreed relatively well with calculated efficiencies (Figure
2.5).
Kemper and Rollins (1966) showed that with the
A number of general trends in the osmotic efficiency of
bentonite are observed. The osmotic efficiencies are
increased by:
1. Saturating the clay with monovalent rather than
divalent cations,
2. Using divalent rather than monovalent anions in the
bulk solution,
3. Decreasing the water content (void ratio) of the
clay, and,
4. Decreasing the average concentration of the bulk
solution.
combination of increasing theoretical osmotic pressure and
decreasing osmotic efficiency with increasing bulk solution
concentration, an optimum solution concentration existed at
which the maximum effective osmotic pressure would be
generated (Figure 2.6).
Bresler (1973) also estimated the dependence of osmotic
efficiency on soil water content and solution fluid
concentration based on the work of Kemper and Rollins
(1966). These estimates compared quite well with available
data on clays and clay soils as illustrated in Figure 2.7.
Olsen (1972) demonstrated the strong dependence of
osmotic efficiency on void ratio. For a sample of kaolinite
the osmotic efficiency increased from a value of .025 at 100
kPa to 0.9 .at 70000 kPa, as illustrated in Figure 2.8.
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•Boundary layer effects during testing may also produce
an apparent reduction in osmotic efficiencies. This was
demonstrated by Heyer et al (1969). Inadequate mixing, of
the solvent flow through the-membrane with the boundary
solution, produces a dilated concentration in the vicinity
of the membrane.- This lower solution concentration resul ts
in a lower effective osmotic gradient-across the membrane.
In reverse osmosis, a reduction in osmotic efficiency
wi th increasing flow·· rates was noted and was attributed to
"piling up" of the solute molecules at the membrane, thereby
restricting the flow of solvent.
2.3.5 Theoretical Formulation for Osmotic Flow
A complete description of the osmotic flow problem
involves a description of the flow ·of pore solution, solvent
and the dissolved solute, in response to hydraulic and
osmotic gradients. Two distinct approaches have been taken
in the literature in addressing this problem. These are
discussed as the Total
-
Pote·ntial Approach and the
Phenomenological Approach. A theoretical development of
transient osmotic flow is developed in Chapter 3, based on
the Phenomenological Approach.
2.3.5.1 Total Potential Approach
Potential is defined as the energy of a material phase
per unit volume, mass or weight. Thermodynamically, for any
spontaneous or natural process to occur there must be a net
loss in energy of the phase. In otber words, flow must occur
from higher to lower potentials. Consequently, the total
potential approach attempts to define a potential for the
soil water such that water will always move from regions of
higher to lower potential. If the potential is constant at
all points, the water is in equilibrium (Corey and Klute
1984). The flow of pore-water is equal to a conductivity,
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which is a function of the media, multiplied by the negative
gradient of the potential, which is the driving force.
The Total Potential Approach to -the flow of pore-water
was originally developed by Buckingham -tI907) and Richards
(1928) for graVitational, and pressure or capillary
potentials, and was extended to include osmotic pressure
effects by Edlefsen and Anderson (1943), Childs and Collis­
George (1943), Low and Deming (1953), and Bolt and Miller
(1958). The classic work of Hubbert (1940) also provides a
rigorous development of potential theory as related to
groundwater flow. Mitchell (1962) utilizes the Total
Potential �pproach in discussing the significance of pore­
water pressures to the engineering 'behavior of solIs.
The Total Potential Approach has been applied
successfully to soil water flow problems in which no
significant density variations occur, and for problems in
which 'osmotic effects are not significant. It has a number
of serious shortcomings, .however, when these effects are
included. These limitations are discussed in detail by
Corey and Kemper (1961) and Corey and Klute (1984), and are
reviewed briefly here.
There are several basic difficulties with the Total
Potential Approach. First, potentials such as pressure and
gravitational potential, which refer to an element of
solution, are intermixed with osmotic potentials which refer
only to the solvent phase of the solution. Second, a
constant "pore-water" conductivity is applied to the
gradient of the total potential. However, as noted
previously, the conductivity is really that of the pore
fluid for hydraulic potential, whereas it is that of the
solvent for osmotic potential. Finally, in cases in which
substantial density variations occur, the use of a potential
defined as energy per unit mass or weight is inappropriate.
Corey and Klute (1984) state;
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"a force potential for the solution, taking into
account the effects of both gravity and pressure
cannot be uniquely defined for a solution of
varying density unless the density is a unique
function of pressure.
For example, consider a case in which the total
potential is defined as the sum of the gravity and pressure
potentials as follows:
h = P/pg + z [2;6]
where: h = total potential
P := pressure
p
= fluid density
Z = elevation
The gradient of total potential would then be written as:
ah/ax = (1/pg)C3P/3x) - (P/g)(3P/3x) + az/ax (2.71
Unless 3 p/ax can be expressed as (ap/ap) (3P/ax),the use of a
single total potential is not valid.
2.3.5.2 Phenomenological Approach
The Phenomenological Approach has been applied to
coupled flow problems in which the gradient which produces
one type of flux, will alter the flux of another type.
Table 2.1 taken from Mitchell (1976) presents examples of
several types of coupled flow systems.
Table 2.1 Coupled and Direct Flow Phenomena
(Mitchell 1976)
Gradient X
Flow J Hydraulic Head Temperature Electrical Chemical (concentration)
F1l1id l lyrlraulic conducriun
.
nil: rtno-osmosis Elect ro-osmosis Normal osmosis
Darcy's law
Heat Isothermal heat transfer Thermal conduction Peltier effect Dufour effect
Fourier's law
Current Streaming current Thermo-electrici ty Electric conduction Diffusion and membrane
Ohm's law potentials
Ion Streaming current Soret effect-thermal Electro-phoresis Diffusion
diffusion of electrolyte Fick's law
.-----------------------------------------------------------------------------------====----
The coupled flow problem may be dealt with by two
different schemes within a Phenomenological Approach. For
the purpose of this discussion, these schemes are called the
Irreversible Thermodynamic
Mechanistic Approach.
The use of the term "Mechanistic" is reserved within
Approach (IRT) and the
the context of this discussion, to refer to a description of
processes at a macroscopic, not a microscopic level. de
Vries (1975) provides a summary of the difference between
these two schemes when he contrasts his approach to the
study of simultaneous flow of moisture and heat in
unsaturated soil, to that conducted by Cary and Taylor
(1962):
"Macroscopic theories of combined heat and
moisture transfer in soils have been developed
along two different lines. In the first approach
one attempts to identify separate transfer
phenomena occurring in the soil and to develop
equations for the macroscopic fluxes of heat and
moisture on the basis of a physical model of the
soil system. In the second approach one applies
the formalism of Irreversible Thermodynamics to
the coupled phenomena of heat and moisture
transfer and attempts to identify the relevant
fluxes and forces. The fluxes are then expressed
as linear functions of the forces through the so
called phenomenological relations. Neither
approach is able to do full justice to the
complexity of the system that it tries to
describe."
Irreversible Thermodynamic Accroach (IRT)
The basis for the IRT approach is that any spontaneous
or natural process, such as flow, is accompanied by a
production of entropy. For a fluid mixture, for example,
water and dissolved salts,
n
an entropy balance equation is
developed in which the time rate of production of entropy is
set equal to the sum of the negative divergence of the
entropy flux and an entropy source function" (Corey and
Klute 1984). The source function represents the contribution
to entropy production due to the transport of chemical
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•constituents, heat, electrical charge or the transport of
the bulk fluid by viscous flow.
This source, or dissipative function is written as:
� = 0. x. [2.8]
1 �
where: tp
= dissipative function
J. = generalized flows].
X· = generalized forces].
The flows are assumed to be linear functions of all the
forces such that:
[2.9]
where; Lik are called the transport or phenomenological
coefficients. The matrix of coefficients is said to be
symmetrical based on the Onsager reciprocal theorem (Onsager
1931a,b). The forces include the thermodynamic gradients on
each component of flow.
This approach has been applied to the problem of
simultaneous flows of water and heat, electricity, or solute
by Taylor and Cary (1960) and Cary and Taylor (1962).
Developments for steady state coupled chemico-osmotic and
hydraulic flow have also been described by Abd-el-Aziz and
Taylor (1965), Olsen (1969, 1972), Groenevelt and Elrick
(1976), and Groenevelt et al (1978, 1980). Mitchell (1967)
develops the IRT approach for
consolidation. The formulation
consolidation, which is described
electro-osmotic flow and
for osmotically induced
in section 2.4 was also
developed by Greenberg (1971) using this approach.
Greenberg (1971) utilizes the driving forces as the
chemical potential of each fluid component (water and salt)
and develops the following flux equation for the solvent, 1
and the solute, s:
35
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[2.10a]
[2.10b)
where; J = fluxes of the solute and solvent
L = phenomenological coefficients
V = partial molar volume of each component
U = hydrostatic pressure of the solution
Cs = molar concentration of the solute
R = Universal Gas Constant
T = absolute temperature
Major Difficulties of the" Irreversible
Thermodynamics Approach
The use of IRT has a number of significant drawbacks.
Of primary concern is the validity of the assumptions
regarding the phenomenological coefficients and the
practical evaluation of these coefficients. Mitchell (1976)
states;
"A major problem in the quantitative description
of coupled flows is in the proper representation
of coefficients and gradients. Irreversible
Thermodynamics provides a basis for derivation of
the proper equations. The relationships are valid
only if forces and fluxes are linearly related
"
The verification of the validity of Onsagers theorem
has bee n . demonstrated by Abd-el-Aziz and Taylor (1965) and
Olsen (1969). Olsen also showed that the fluid fluxes were
linearly related to the driving forces; however, this was
only for changes in electrical voltage and salt
concentrations exterior to the sample. The results of Abd­
el-Aziz and Taylor also indicated that even the coefficient
relating water flow to pressure differences, in the absence
of concentration gradients, was not constant but varied with
both pore fluid concentrations and hydrostatic pressure.
These coefficients were constant over very limited ranges of
these parameters (Figure 2.9),
Hitchell(1976) noted that the assumptions regarding
linearity of the phenomenological coefficients are not
guaranteed by theory but must be established empirically.
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These assumptions have been verified only for carefully
prepared samples,
either steady
of constant
state or
composition and fabric, with
equilibrium conditions.
Practical evaluation of the coefficients in general still
remains a problem.
Neuzil (1986) provides this comment on the present
state of the art in the study of transient, coupled osmotic
flow problems:
"Important questions also surround coupled flow
behavior within the membrane medium itself,
particularly when this behavior is transient.
Experimental techniques utilized so far for the
study of geologic membranes have been limited in
this respect. Specifically, they have utilized
only observations of conditions external to the
membrane, and, with the exception of osmotic
consolidation studies by Greenberg (1971), they
have considered only steady state flow. Thus
there is a dearth of direct information on
transient behavior within the membrane with which
to compare theoretical predictions."
Mechanistic Approach
The Irreversible
description of energy
Thermodynamics Approach
transfer from which
is a formal
the relevant
fluxes and forces and their interrelationship are extracted.
The Mechanistic Approach, on the other hand, first observes
the fluxes that occur and the forces that produce these
fluxes on the basis of a physical modet". The significant
difference in the two approaches lies in the role of
coupling. In the IRT approach coupling is "built in", so to
speak, while in the Mechanistic Approach the interaction of
fluxes 1s first observed, and then established on the basis
of a separately defined mechanisms.
For example, the flow of solute due to pressure
gradients in the solution phase, appears in the solute flux
equation 1n the IRT approach. In the Mechanistic Approach
the flow of solution due to pressure gradients would be
viewed as a single mechanism. Flow of the solute would then
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be evaluated by the separate mechanism of advection and
diffusion of the solute within the bulk solution flow.
Bresler (1973) utilized the mechanistic approach when
developing the description of coupled hydraulic and osmotic
flows in unsaturated soil. The flow law for the solution
phase was written in the same form as Darcy's Law as
follows:
q
= -K(6) (dH/dz - cr(6,C)/pg dn/dz) [2.11]
where: q = darcy fluid flux
K = permeability as function of
6 = volumetric water content
H = hydraul ic head
cr = osmotic efficiency as function of
C = solute concentration
p = density of solution
'n = osmotic pressure
This equation was then solved in a coupled manner with
the salt transport equation:
a/at (C6 - Q(C,6)) =
a/dZ (D(v,6) ac/az - q C)
[2.12]
where: Q
= local anion concentration in adsorbed
phase
D = diffusion coefficient as a function of v,6
v = interstitial fluid velocity
A similar approach for the flow of pore water alone was
described by Corey and Kemper '(1961). In that work the mass
balance equations for the solution and solute phase are
combined with a mechanical force balance for the solution.
The mass balance equations for the solute consist of an
advection-diffusion mass transfer equation, where the solute
flow due to advection with the solution, and diffusion of
the solute due to chemical gradients, are summed.
The Phenomenological Approach to osmotic flow and
volume change is developed in the next chapter. Effects of
volume change on solution flow, including the effect of
fluid density variations are incorporated. This formulation
39
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does not appear to have been developed previously
geotechnical engineering literature.
in the
2.4 Osmotic Volume Change
There are two forms of volume change in clay soils
which have been associated with chemico-osmotic phenomena.
For"the purposes of this review these have been termed
osmotically induced consolidation and osmotic consolidation.
2.4.1 Osmotically Induced Consolidation
Osmotically induced consolidation was addressed in a
study by Greenberg (1971) and subsequently discussed by
Greenberg et al (1972, 1973), Mitchell (1973), and Mitchell
(1976). Flow of water out of the soil occurs due to osmotic
gradients. In response to this flow, a pore fluid pressure
deficiency develops within the sample. This causes increased
effective stresses within the sample and results in
consolidation. In the literature this process is often
referred to as osmotic consolidation. However, it is clear
that this is similar to conventional consolidation of the
soil mass; however, it is induc�d by the osmotic flow
process.
Greenberg (1971) developed a numerical simulation of
osmotically induced consolidation by combining the flux
equations [equation 2.10] with continuity equations for the
salt and water components. These continuity equations were
based on conventional constitutive relationships between
volume change and changes in effective stress.
Examples of a numerical simulation of osmotically
induced consolidation, as presented by Mitchell (1973), are
illustrated in Figures 2.10 and 2.11. Mitchell suggests
that the most significant results of the numerical
simulation were as follows:
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"1. Chemico-osmotic consolidation builds rapidly and
smoothly to a maximum followed by swelling. In all
cases the maximum consolidation occurred at
dimensionless time, T=2.0, and real time 2.0H ICv"
"2. The maximum amount of chemico-osmotic consolidation
increases with increase in boundary salt
concentration
increase and increase in soil compressibility."
"3. The time taken to reach eventual equilibrium in the
diffusion of both pore water and salt increases as
soil void ratio decreases and soil compressibility
increases."
A series of laboratory experiments were conducted by
Greenberg (1971) to establish the magnitude of osmotically
induced consolidation for a variety of soil solution
systems. One set of these tests used a conventional
oedometer to consolidate the soil samples to an effective
stress of 100 kPa prior to flushing solution through the
porous stone.
solution of
Only a bentonite clay sample, exposed to a
polyethylene glycol, exhibited a detectable
amount of osmotically induced consolidation.
Mitchell(1973) concludes:
"from the results of these tests is seems
reasonable to conclude that chemico-osmotic
consolidation is likely to be of practical
significance only in highly compressible clays of
low permeability like bentonite."
2.4.2 Osmotic Consolidation
Osmotic consolidation of clays occurs as changes in the
pore fluid chemistry alter the electrostatic interactions
between the clay particles. These interactions are in turn
influenced by the distribution of charged ions in the pore
fluid adjacent to the clay particles.
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2.4.2.l-0iffuse Double Layers
Clay minerals are composed of sheets of crystals. Ideal
crystals are electrically neutral; however, most clay
minerals have a net negative surface charge. These negative
charges may result from broken crystal bonds or maybe due to
isomorphous substitution of a lower valence cation for a
higher valence cation within the crystal lattice (Mitchell
1976) .
In order to obtain electro-neutrality, a diffuse double
layer of cations and anions within the pore fluid develops
around the clay particle. The distribution of these ions
around the clay particle is controlled by two opposing
forces. Electrostatic attraction or repulsion of the ions
develops between the clay surface and the ionic charges of
the dissolved ions. This results in elevated concentrations
of cations and suppressed concentrations of anions adjacent
to the clay particle relative to those that exist in the
bulk solution. Ionic diffusion acts to oppose the
development of these concentration differences.
The negatively charged clay surface and the charge
distribution adjacent to the clay particle is termed the
diffuse double layer. Theoretical descriptions of the
diffuse double layer were first proposed by Gouy (1910) and
Chapman (1913). Stern (1924) later modified this description
of the double layer to take into account the effects of a
single layer of cations adsorbed directly to the particle
surface. More extensive developments of diffuse double
theory are provided by Mitchell (1976) and van Olphen
(1977). The combined effects of electrostatic repulsion and
ionic diffusion result in a distribution of charge density
and electric potential described by an equation known as the
Poisson-Boltzmann equation. The charge density and electric
potential vary as a function of distance from the clay
surface, surface charge density, surface potential,
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electrolyte concentration and valence, dielectric constant
of the medium and temperature.
The influence of all these factors can be seen in the
equation for the distance to the center of gravity of charge
density surrounding a semi-infinite negatively charged
plate:
[2.13]
where: IlK = It thickness" 0 f the double layer
D = dielectr ic constant of the medium
k = bol tzmann constant
no = bulk solution electrolyte concentration
e = uni t electronic charge
V = cation valence
Note that the Wthicknesslt will vary inversely with the
ion valence and the square root of concentration.
2.4.2.2 Interparticle Forces
In clay soils, partiele to particle interaction is to a
large degree, controlled by long range repulsive forces. The
magnitude of these forces is controlled through the adsorbed
cations and double diffusive layer surrounding the clay
particles (Bailey 1965, Mitchell 1976).
Osmotic consolidation in clay soils occurs when
changing pore fluid concentrations produce a change in long
range forces and a reduction in the thickness of the double
diffuse layer. One way to calculate these interparticle
repulsive forces is through the osmotic pressure concept
(Bolt 1956, Mitchell 1976). The clay particle system is
assumed to exist as a series of parallel clay particles as
shown in Figure 2.12. The Poisson-Boltzmann equation for a
single particle can be integrated to obtain the mid-plane
electrolyte concentration and mid-plane potential between
two clay particles.
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-The overlapping double diffuse layer also acts,
however, as a semi-permeable membrane. A concentration
contrast is maintained between the bulk solution and the
solution midway between the clay plates. The difference in
osmotic pressure
between the clay
repulsive pressure
between the bulk solution and that midway
particles is then equivalent to the
or swelling pressure between the
particles.
A description of the procedure to calculate the
repulsive forces between clay particles using the osmotic
pressure concept is presented in Appendix A.
Changing the external pressure, consequently, changes
the particle spacing until a new balancing osmotic pressure
difference develops. Similarly, changing the concentration
(osmotic pressure) of the bulk pore fluid also changes the
void ratio.
Attempts to predict compressibility and swelling
pressure of clays, based on the osmotic pressure concept
have met with varying degrees of success. Reviews of these
efforts are provided by Mitchell (1973, 1976) . A list of
references for a number of these works was also given in
section 2.2.
Several researchers have investigated the
compressibility of clay samples
varying concentration. Figures
obtained by Mesri and Olson
premixed with solutions of
2.13 and 2.14 show results
(1971) for Ca2+ and Na+
montmorillonite. Figure 2.15 presents a comparison between
measured and theoretical compression curves for Ca2+ and Na+
montmorillonite as presented by Bolt (1956). Samples
premixed with the solution of interest were used in the
tests of Bolt (1956), Mesri and Olson (1971) and others
investigating the role of pore fluid concentration on
compressibility.
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100
-Aylmore and Quirk (1962) compressed dried samples of
montmorillonite and illite, and then allowed them to swell
in contact with the solution of interest, under various
pore-fluid suctions. The results of these tests are
illustrated in Fig. 2.16 through 2.19. Figure 2.20 presents
the comparison made by Aylmore and Quirk between the
theoretical and measured response of Na+ Illite.
Ho (1985) consolidated reslurried samples of clay and
glacial till to various confining stresses and then exposed
them to various NaCl solutions. Figure 2.21 illustrates the
magnitude and rate of osmotic consolidation observed for a
sample of Regina Lake Clay.
2.4.2.3 Limitations of Osmotic Pressure Concept
It is evident that fairly good agreement between theory
and experimental results has been obtained for homoionic
clays with an ideally dispersed structure, and in the
presence of homoionic solutions. Bolt(1956) stated that the
major limitations in obtaining good agreement between the
experimental results and the theoretical predictions is due
to limitations in the following assumptions:
1. Double diffusive layer theory is applicable,
2. Clay particles are in a parallel alignment,
3. Osmotic pressure may be approximated by the van't
Hoff equation, and,
4. Void ratio may be calculated from the half spacing of
the clay particles.
The theoretical limitations inherent in the assumptions
used for double diffuse layer theory and the van't Hoff
approximation are not particularly severe (Bolt 1956). The
major difficulty in the use of the osmotic pressure concept
lies in the deviation of the soil structure from that of a
series of perfectly parallel individual clay particles.
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•Parallel Alignment of Particles
Even in an ideally dispersed clay in which the clay
particles are in parallel alignment, the individual clay
particles may not be paired evenly. This results in a
terraced structure of the clay particles which in turn
results in "dead" pore volumes which are unaffected by the
diffuse double layers. Bolt (1956) and others have
suggested this as the primary source of deviations of the
measured from the predicted compressibilities. Also related
to this postulate is the fact that the prediction becomes
poor for soil systems
sizes, 0.2 to O.G02 mm
in which any of the larger particles
are included (Mitchell 1973).
Calculation of Void Ratio
The interparticle half-spacing, d can be related to the
void ratio by the following relationship:
d =' e I Gs As [2.14]
where; 2d = inter-particle spacing
e = void ratio
Gs = specific gravity of the solids
As = specific surface of the solids.
It has been shown by Morrish (1954) and Blackmore and
Hiller (1962) that in the presence of the Ca cation,
montmorillonite clay particles are bound into packets.
Consequently, the assumption of fully developed diffuse
double layers around each individual particle is no longer
valid. The influence of packet formation in producing
deviations in behavior from that predicted by double diffuse
layer theory has been discussed by
(1967,1971), Quirk (1963), Aylmore
Blackmore and Hiller (1962).
Aylmore and Ouirk (1962) and Quirk (1963) suggest that
Klausner and Shainberg
and Quirk (1962) and
in the presence of high concentrations or applied stress,
gel structures may be formed in clays containing divalent
cations. These gel structures occur due to the dominance of
attractive forces over repulsive forces. The double layer
theory then plays a significant role in explaining the
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behavior of monovalent but not divalent clay systems.
Divalent clay systems being dominated by the influence of
mechanical rather than physio-chemical forces on the gel
structure.
For systems containing mixed valence cations, -two
models for calculating the influence of the diffuse double
layer have been proposed. These are the mixed ion model and
the de-mixed model (Mitchell 1973).
The mixed ion model modifies the osmotic pressure
concept in light of the effect of mixed ions on the double
diffuse layer. The model of Collis-George and Bozeman
(1970) is an example of this approach. This model assumes
that ions of all species are distributed uniformly over the
individual clay surfaces, in proportion to the amounts
present. The evidence for packet formation in clays,
however, suggests that some cations are bound between clay
particles internally within the packet. In the de-mixed
model it is assumed that the Ca and Na present in the system
are separated into distinct regions of the clay structure.
Ca being present on the internal surfaces of the packets,
and Na adsorbed onto the external surfaces. In addition, it
is assumed that the external surfaces of the packets then
interact according to diffuse double layer theory.
Mitchell (1976) presents a summary, as adopted from
Fink, Nakayama and McNeal (1971), as to which of the two
models is appropriate, based on the exchangeable sodium
percentage (ESP) of the soil. This summary is shown in
Table 2.2.
If the number of clay particles that are bound up
within each packet can be estimated accurately, predictions
of swelling pressure or compressibility of these. clays can
be made, based on the osmotic pressure concept (Klausner and
Shainberg 1971, Balasubramonian 1972, Chattopadhyay 1972).
The number of particles bound in the packet structure will
change, however, with pore fluid concentration arid confining
stress.
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Table 2.2 Classification of Mixed Cation Systems
(Mitchell 1976)
ESP > 50\ Random mixing of Na+ and Ca++
unlimited swelling between
all plates on water mixing
10'& < ESP < 50% De-mixing on inter layer
exchange
sites, with progressively more
sets of plates collapsing to a
20 A repeat spacing with
decrease in ESP
ESP < 10 to 15% Inter1ayer exchange complex is
predominantly Ca-saturated; Na
ions on external planar and
edge sites.
Figure 2.22 from Klausner and Shainberg (1971)
illustrates the changes in compressibility that occur in a
clay with varying degrees of packet formation. The inter­
domain spacing can be approximated as follows (Shainberg et
al 1971):
d' = NV/ W As - do (N -1)/ W (2.15]
where; 2d'
N
V
W
As
2do
= inter-domain spacing
= number of particles in packet (4 to 9)
= volume of water
= dry weight of clay
= specific surface
= half spacing between platelets
in packet (4.5 Angstroms)
Shainberg et al (1971) obtained good agreement between
a theoretical and experimental swelling curve for a mixed
ion solution when the interparticle spacing is calculated
using the above equation. The best agreement was obtained
when N was taken equal to 3 at low pressures and 5 at high
pressures.
Predictions of the repulsive force between clay
particles have also been shown to be in good agreement with
experimental data when the presence of packets was taken
into account.
o/O�---------'-----------r----------,-----�
N = NUMBER OF PARTICLES
PER PACKET
18�----�---+---+------�--------�----�
o 14�--------�------4---�----------�----�
t­
<t
� 12�---------+�----���--------_,----�
Q
o
>
0.1 10 kg/cm2
CONSOLIDATION PRESSURE
Figure 2.22 Void Ratio versus Consolidation Pressure
for Montmorillonite Clay (Co = .001 M)
(Klausner and Shainberg 1971)
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Table 2.3 illustrates the results obtained by
Morgenstern and Balasubramonian (1980) for the measured
swelling pressure and the predicted interparticle repulsive
force calculated after correcting the interparticle spacing
for the presence of packets.
Following a comprehensive review of the influence of
pore fluid chemistry and mineralogy on the swelling behavior
of clays, Mitchell (1973) presents.tbis conclusion:
"Double layer repulsions can account reasonably
well for the swelling behavior of sodium
montmorillonite, and possibly also for that of
calcium montmorillonite, provided account is taken
of the water and area associated with the internal
.
surfaces of multi-plate tactoids." (or packets)
In spite of the many limitations, the development set
forth by the osmotic pressure concept does provide an
understanding of the role of the bulk solution concentration
on volume change. Chapter 3 develops this relationship
further in linking changes in the osmotic pressure of the
bulk solution to changes in the stress state variables
controlling volume change of clays.
Table 2.3 Observed and Predicted Values of Double Layer
Repulsion, Bearpaw Shale (Morgenstern and
Balasubramonian 1980)
Swe 11 Water Content g (R-A) Observed (R-A) Predicted
% % A tsf (I1Pa) tsf (r1Pa)
0 30.5 26.3 0.70 (0.OG7)
2 32.3 27.8 0.66 (0.063) 0.58 (0.056
4 34.1 29.4 0.57 (O.OSS) 0.48 (0.046)
6 35.9 31.0 0.47 (0.045) 0.40 (0.038)
8 37.7 32.5 0.44 (0.042) 0.32 (0.031)
Notes: Concentration of original pore water
Concentration of cell water for
l-4-HF4-PH
(R-A) for 1-4-WF4-pw
Concentration of cell water for
l-4-CH5-dw
X
Effectqve specific surface
0.13N
0.15N
o
O. ozn,
3.68 A
116 m2/g
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2.S Interparticle Stresses- True Effective Stress
The behavior of a soil mass is in response to changes
in stress that are transmitted directly to the particle
contacts.
v,
The nature of these interparticle stresses
between the grain contacts may be long range or short range.
Long range stresses of repulsion and attraction include the
electrostatic stresses (ie stresses resulting from double
diffuse layer effects) and van der Waals stresses. Short
range repulsive stresses may also include Born repulsion and
surface hydration, and short range attractive stresses may
include electrostatic attraction and primary valence and
cementation bonds (Bailey 1965, Mitchell 1976).
From an engineering perspective it is not adequate to
deal with these forces at a microscopic level. Macroscopic,
measurable stresses have to be postulated in order to
facilitate ·the development the proper relationships for
volume change and shear strength. The use of a macroscopic
definition of "effective stress",(i.e., equal to the
difference between total stress and pore-water pressure),
has been proven extremely useful in describing the stress
conditions controlling the behavior of saturated soils.
For clay soils, in which physio-chemical effects may
influence the interparticle contact stresses, a number of
researchers have suggested incorporating the net
electrostatic repulsive minus attractive stresses (i.e., R­
A) between the clay particles into the definition of a true
effective stress (Lambe 1958, 1960, Mitchell 1972, Bailey
1965, Balasubramonian 1972, Chattopadhyay 1972, Fredlund
1981, Sridharan and Rao 1973, 1979).
Lambe (1960) developed a stress equation based on
static equilibrium of normal forces perpendicular to a wavy
plane that does not pass through the soil particle.
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•This equation is written as follows:
On
= a a + U (1 - a ) + (R
-
A)
c m w m
[2.16]
where: on
= total normal stress
0c
=
average contact stress acting over am
am
= ratio of mineral to mineral contact
to the unit area
Uw
= pore-water pressure
R-A
= interparticle stress due to
physio-chemical interactions
The wavey plane model of Lambe (1960) provides a
statement of the equivalence of stress; however, it is not a
true free body diagram. Consequently it is an inappropriate
technique by which to obtain the stress state variable for
the soil.
Balasubramonian (1972) and Chattopadhyay (1972) suggest
that the pore-pressure should be considered to act across
the entire surface of the wavy plane. The pore pressure is
also to be taken to be equal to the piezometric pressure.
The piezometric pressure was defined by Mitchell (1962) to
be that pore-pressure measured by a> piezometer containing
exactly the same pore fluid as that existing within the
pores. Balasubramonian (1972) and Chattopadhyay (1972) give
the following equation for the true effective stress:
0* =
on
-
u (R
-
A) (2.17]
w
where: 0* = a - (R A)
n'
on'
=
on
-
u
w
Chattopadhyay (1972) demonstrated that the residual
shear strength of clays is controlled by the true effective
*
stress (0). Balasubramonian (1972) showed that swelling
pressures (ie., on' ),
which developed in test samples in
which volume change was prohibited, were equivalent to the
change in (R-A). That is, when no volume change is
permitted, the
zero, although
net change in the true effective stress is
the components of effective stress and
interparticle physio-chemical interactions may vary.
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•CHAPTER 3
THEORETICAL DEVELOPMENT
3.1 General
.' A complete understanding' of the time dependant volume
cbange of a clay soil when exposed to electrolyte solutions
requires that a complete' description of osmotic flow, salt
transport, and osmotic and osmotically induced consolidation
be developed. Formulations for osmotic flow combined with
salt transport (section 2.3.5), and osmotically induced
consolidation (section 2:.4'.1) 'have been developed in the
'literature. A general formulation for osmotic flow and
volume change, incorporating the effects of osmotic
consolidation, does not appear to have been developed
previously in the geotechnical literature.
This chapter provides a theoretical description of .flow
and volume change in saturated clays subjected to osmotic
phenomena. A continuum mechanics approach is utilized to
relate volume changes in the soil to changes in stress state
variables through constitutive relationships� The
phenomenological approach is used to describe the coupled
flow of pore fluid and dissolved"salt.
In the continuum mechanics of multiphase mixtures the
behavior 9£ each phase is dictated"by the forces acting on
that phase. Force gradients on the solid phase produce
deformation of the soil structure, whereas, force gradients
acting on the liquid phase produce flow.
The continuum mechanics approa�h described by Fredlund
(1973) consists of four steps:
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•1. The description of the physical element. Bear (1972)
describes this as the representative elementary
volume.
2. The establishment of the state variables associated
with each phase.
3. The proposal of suitable constitutive relationships.
4. The formulation of th� partial differential equations
for the engineering problem of interest, utilizing
the laws of conservation of mass and energy.
Section 3.2 provides a description of the physical
element or representative elementary volume. Section 3.3 and
3.4 describe the Stress State Variables (SSV) and the
Deformation State Variables (DSV). A constitutive
relationship
section 3.5.
for osmotic volume change is proposed in
The formulation of the coupled, transient flow
problem is developed in section 3.6.
3.2 Description of the Elementary Volume
An element of saturated soil can be considered as a three
phase system consisting of the soil particles, the pore
fluid, and the diffuse double layer or adsorbed fluid hull
surrounding each soil particle (Figure 3.1). The diffuse
double layer includes th� surface charge along the clay
particles. By definition, a phase must possess differing
properties from the contiguous homogeneous pbases and must
have a continuous bounding surface throughout the element.
The unique properties of the double diffuse layer have been
documented by Mitchell (1976). The existence of a distinct
boundary surface is not as well defined but the extent of
the adsorbed fluid phase is described by double layer
theory.
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•SOIL PARTICLES
FREE PORE
WATER
DOUBLE DIFFUSE
LAYER
Figure 3.1 Element of Saturated Soil Illustrating the
Double Diffuse Layer (after Fredlund 1973)
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•The porosities of each phase of the elementary volume
may be defined as follows:
np
= volume of soil particles I total volume
nf
= volume of bulk pore fluid I total volume
nd
= volume of diffuse double layer I total volume
The sum of the phase porosities is equal to unity.
3.3 Stress State Variables
Force equilibrium for the element is ensured by
considering equilibrium for each phase independently. The
elemental forces consist of surface tractions, gravity body
forces and interaction forces between the phases. The
interaction body forces between the phases are as follows:
Ff
= interaction force between the double diffuse
layer and pore fluid
�
= interaction force between the soil particles
and the double diffuse layer
Figures 3.2 through 3.4 illustrate the equilibrium
stress systems acting on the overall element and the diffuse
double layer and bulk pore fluid phases.
The assumption is made that the electrostatic interactions
between particles can be described by the net repulsive
minus attractive stress (R-A) acting within the double
diffuse layer. A second assumption is that when (R-A) is
expressed as a stress tensor (R-A) it is isotropic and does
not contain shear stresses. The density of the double
diffuse layer is assumed to be equal to the density of the
pore fluld.
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Figure 3.2 Total Stress Equilibrium for an
Element of Saturated Soil
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Figure 3.3 Pressure Equilibrium
for the Fluid Phase
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Figure 3.4 Stress Equilibrium for the
Adsorbed Double Diffuse Layer
r
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Equilibrium equations can be written for the overall
soil element as well as for each phase. A one-dimensional
form of these equilibrium equations are written as follows:
Overall Element:
dTXyl
ax +
aayl ay
+
aTZyl
az +
Pt9
= 0
Pore Fluid:
[ 3.1]
a ufl ay
-
Ff/nf
+
Pf9
= 0
Double Layer:
[3.2]
[3.3]
where: a = normal stress in the y-direction
TY = shear stress on the x-plane in the
xy
y-direction
T
= shear stress on the z-plane in the
zy
y-direction
Uf
=
pore fluid pressure
o t
= total density of the soil
of = fluid density
Equations [3.1] through [3.3] are statements of
equilibrium for the overall element, the pore fluid, and the
adsorbed double layer.
Volume change of the soil structure is controlled by
the interparticle interactions between the soil particles,
however these interactions cannot be measured directly. An
equation for the effective stresses at the interparticle
contacts can be written as the difference between the
statement of equilibrium for the entire element, and those
for the pore fluid and double layer phases. This equation
is then written as follows:
aT I ax + a(a -u -(R-A))I ay + aT I az - Ff/nfxy y f zy (3.4]
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•Similar expressions may be written for the other
coordinate directions. From these equations the stress
state variables may be selected as illustrated in matrix
form below:
a - U - (R-A)
X f
T
xy
T
XZ
T
cry
-
uf
- (R-A) T
yx yz
T T cr - U _ (R-A) [3:5)
zx zy z f
The stress state var iable ( o - uf
- (R-A)), can be extracted
from equation (3.5]. This ·is a similar
-
expression to that
of the "true" effective stress proposed by Balasubramonian
(19-72) and Chattopadhyay (-1972). Alternatively. the matrix
equation (3.5J; could be written as ·�wo separate matrices as
follows:
cr
-
U
Y f (R-A)
cr
- U
x f (R-A)
TZX Tzy °z
-
uf (R-A) [3.6]
From this form of equation, two separate stress state
variables may be selected. The first is the effective stress
for a saturated soil,(cr-uf). The second stress state variable
is the net interparticle repulsive minus attractive force,
(R-A). The use of two separate stress state variables is
preferable if changes in (R-A) are not as effective in
producing volume change as are changes in the effective
stress.
There are two requirements which need to be met in
order to accept a particular combination of stresses as a
single stress state variable. One is that the elements of
the stress state variable must be equally effective in
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•producing behavioral changes within the soil mass. Fredlund
(1973) demonstrated that a null type test-could be used to
confirm the correct components for the stress state
variables for unsaturated soils. Testing by Balasubramonian
(1972) and Chattopadhyay (1972) demonstrated that if (R-A)
could be estimated, the changes in the effective stress were
equal to changes in (R-A), when the volume of the sample was
maintained constant.
Indirect evidence of the equivalency of the effective
stress and (R-A) components of true effective stress was
also described for ideal clay systems in Chapter 2.
The second requirement for the stress state variable,
however, is that the individual components of stress state
variable can be measured. For example in saturated soils,
the use of effective stress requires that both the total
stress and the pore fluid pressure be measurable quantities.
Although the measurement of total stress is straight
forward, Hitchell(1962) suggests that the actual pore
pressure between clay particles is unknown. An approximate
measure of the appropriate pore fluid pressure, however, can
be taken to be the piezometric pressure. The piezometric
pressure is a pressure measured in a piezometer which has a
reservoir of similar chemistry to that of the pore fluid,
maintained at the same elevation as the soil and in
equilibrium with the solI pore fluid (Mitchell 19621. In
practice differences between the actual pore fluid pressure
and the measured piezometric pressure have been compensated
for in the material properties describing volume change or
shear strength.
In the case of true effective stress, it is not
possible to measure (R-A) directly. The prediction of (R-A)
Is possible only under ideal conditions. This is a severe
restriction to the use of CR-A) as a component of the stress
state variable. However, it may be possible to obtain
indirect estimates of this component. Because of this, it
74
....---------------­
I
• I
. ' .. . .
_ ....
may be necessary that a deduced quantity, wnich is more
easIly measured than (R-A), be used.
The osmotic pressure concept relates the change in
repulsive stress between clay particles, to the osmotic
pressure difference between the interparticle fluid and the
bulk external fluid.
Mitchell (1962) suggested that "double layer
interactions and the consequent repulsion between opposing
particle&_ are reflected by the osmotic pressure". The
osmotic pressure is described as having two components; one
associated with the free salt in the bulk solution and the
other caused by the additional ions required to satisfy
double layer requirements. The osmotic pressure of the bulk
solution can be readily evaluated using samples of the pore
fluid, however the difference between the osmotic pressure
of the bulk fluid and that between the clay particles cannot
be measured directly.
In most practical problems, the change of osmotic
pressure is of more interest in regard to the process of
osmotic consolidation than the absolute value of the
components of osmotic pressure. For problems of osmotic
consolidation, changes in the osmotic pressure of the bulk
solution will be large relative to the initial osmotic
pressu�e within the sample. Consequently, it is assumed that
the osmotic pressure of the bulk solution can be used as an
independent stress state var�able.
The osmotic pressure of the bulk solution is also the
driving force for osmotic flow. Consequently, the use of
osmotic pressure as a stress state variable provides for
continuity of the stresses in the description of volume
change within the soil structure, as well as flow of the
pore fluid. The validity of assumptions described in this
section are discussed more fully in Chapter 7, in light of
the results of the testing program.
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3.4 Deformation State Variables
Deformation state variables are required to define the
movement of each phase with time. The mass of the
multiphase continuum is equal to the sum of the mass of each
of the component phases. In a similar manner, the
volumetric requirement can be written as:
V=LVi or t::.V/V=LI::.V;lV) [3.7]
where: V = total initial volume of the element
V. = volume of each phase
1
For the representative element in this derivation:
I::. VI V = I::. VpI
V + I::. Vfl V
+ I::. Vdl V
[ 3 • 8 ]
where:
Vp
= volume of the particle
Vf
= volume of the bulk fluid
Vd
= volume of the diffuse double layer
Assuming that changes in the particle volume are small
the volumetric requirement becomes:
AVIV = I::. V fV
+
AViV [3.9]
Suitable deformation state variables can be selected
as
A V IV, A V
f
IV and A V d/V • I f any two are known, the third
deformation state variable can be calculated.
Both A V
f
and I::. V
d
involve fluid flow. Flow from the
element which produces a change in the volume of the element
will only occur when there is a net difference between Vf
and Vd . In engineering problems, it is the change in the
volume of the element, and not necessarily the partitioning
between the bulk fluid and adsorbed fluid phase, which is of
interest. The net flow of fluid from the element is of
interest. The net flow of fluid from the soil is measurable,
whereas partitioning
and that contained
of fluid
in the
flow between the bulk fluid
adsorbed layer is not.
Consequently the
taken as AVIV
effective deformation state variables are
and A V f/V., where, A
V
f
is the net change in
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•fluid volume. For small changes in volume, the latter
deformation state variable can be written as d(Vf'V).
3.5 Constitutive Relationship for Volume Change
A general form for the relationship linking the stress
state variables and the deformation state variables may be
written as follows:
6
= - I1.V/V = ltV ( aV/ a(a - uf))d(a
-
uf)
+ l/V(aV/aTI)dTI [3.10]
where: E = volumetric strain
This equation takes the form of a three-dimensional
constitutive surface as shown in Figures 3.5 and 3.6. These
figures are drawn from the theoretical and experimental
relationship between void ratio and swelling pressure for
different pore fluid concentrations, as presented by Bolt
(1956) and Mesri and Olson (1971).
The general shape of two-dimensional surfaces of volume
change versus osmotic pressure, taken at various values of
constant effective stress, can be visualized from the curves
in Figures 3.1 through 3.11. Figures 3.8 througb 3.11 are
taken from the experimental data of Ay1more and Quirk (1962)
presented in Figures 2.16 through 2.19.
Along a plane in which TI is constant, the slope of the
constitutive surface may be described by the coefficient of
volume change, mv. Along
a plane in which (a
-
Uf) Is
constant, the slope is defined by the osmotic coefficient of
volume change, mTI
• The constitutive equation can then be
written as:
(3.11]
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eFigure 3.5 Theoretical Constitutive Surface .for
Na Illite (after Bolt 1956)
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Figure 3.6 Experimental Constitutive Surface for
Na Montmorillonite during Compression
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3.6 Formulation for One-Dimensional Consolidation and
Brine Migrat:lon
The formulation for the problem of osmotic
consolidation requires the prediction of the rate of change
in the stress state variables with time. Changes in the
stress state variables with time are related to volume
change through the constitutive equation. Continuity is
used to relate these volume changes to the divergence of the
mass flux from the element. These mass fluxes are in turn
defined by the flow laws for the" individual constituents of
the fluid phase. Only a one-dimensional form of the
formulation is developed in this thesis.
The assumption is made that all volume change occurs as
a result of deformation of the soil structure in the
vertical direction. Assuming that the applied total stress
is constant, force equilibrium is satisfied implicitly
during changes in fluid pressures. The compressibility of
the fluid phase with changes in pressure are assumed to be
negligible. The continuity relationships are established by
considering a fixed elemental volume in fixed coordinates.
This approach is valid only if the following relationship is
satisfied (Freeze and Cherry 1979):
(3.121
where: "«
uf
= velocity of the solid particles
= fluid pressure
In general, the rate of consolidation must not exceed the
rate of fluid flow for the inequality to hold.
The value for osmotic pressure within the sample can
be calculated from the pore fluid concentrations using the
van't Hoff approximation. Concentration changes within the
sample with time can be calculated from the governing
partial differential equation for salt transport through the
sample.
3.6.1 Transient Salt Migration
The development of the equation for salt migration will
follow the derivation by Freeze and-Cherry (1979) and Bear
(1972). It is assumed that -the soil is saturated,
homogeneous and isotropic.
The law of conservation
flux of salt through a small
of mass is applied to the net
elemental volume. Salt is
moved by the processes of advection with the solution and by
hydrodynamic dispersion. The concentration of solute is
defined as the mass of solute per unit volume of solution.
For a unit volume of soil the mass of salt is equal to the
porosity multiplied by the solution concentration (nCs). The
components of salt flux are as follows:
Transport by Advection = qf
Cs dA
Transport by Dispersion = -n 0 ( aCs/ ay)dA
[3.13a]
(3.l3b]
where:
qf
= total fluid flux through the element
D = coefficient of hydrodynamic dispersion
The coefficient of hydrodynamic dispersion, is related
to the- coefficient of molecular diffusion, D*, and the
dispersivity of the medium, , by (Freeze and Cherry 1979):
D = o.v + D* (3.14)
where: v = seepage velocity of the pore fluid
Conservation of mass requires that the rate of change
of mass within the element be equal to the divergence of the
mass fluxes. This is written as follows:
a( -nCs)/ at = a/ ay( -nDa Cs/ 'Oy + qfCs
(3. 15a]
aCs/ at = D a2cs/ ay2 - (qf/n) aCs/ ay (3. ISb)
Evidence of salt filtering or ion exclusion in geologic
formations gives support to the potential retardation of
salt migration relative to -�bat of the solution. If
streaming potentials (i.e., electric gradients) are absent,
the retardation would be of both the cations and anions. If
a simple ion adsorption phenomena is assumed then the
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retardation factor R could be incorporated into equation
[3.15) as shown below. The retardation factor is a measure
of the retardation of the solute relative to the flow of
solution.
acs/at = D/R a2cs/ay2 - (qf/Rn)a cs/ay
acs/at = D'a2 cs/ay2 - v'acs/ay
where: D' = D/R
v' =
qf/Rn
A term to describe the change in the concentration of
[3.IGaJ
[3.1Gb)
salt that occurs as a result of decreasing void ratios could
also be included in equation [3.161. This effect was
described by Greenberg (1971) as ·void ratio coupling-;
however, it was shown to have a negligible effect on
solution concentrations during osmotically induced
consolidation. This t"erm will not be be included in this
development.
3.6.2 One-Dimensional Consolidation
The total flux of water through the elemental volume is
the sum of water flux due to bydraulic fluid flow and
osmotic flow. The flow laws for water transport are written
as follows:
due to fluid flow; [3.17a]
due to osmotic flow; qn
=
knan/ay [3.17bJ
where: = concentration of water
� hydraulic conductivity
- osmotic conductivity
The concentration of water is approximately equal unity
even for concentrated solutions, consequently, the total
fluid flux is given as follows:
[3.18]
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Conservation of mass requires that a change in storage
within the element be related to the divergence of the water
flux. This can be written as:
-av/at(l/V) = dqE/ay [3.19]
A decrease 1n the volume of the element is taken as
positive volumetric strain to be consistent with
geotechnical engineering convention. An assumption is made
that the salt flux into the element does not represent a
significant component of volume change. This should not be
a severe limitation in- that even for a concentrated NaCl
brine, the presence of the salt accounts for only
approximately 10% of the total volume of the solution.
Equation (3.111 can be differentiated with time to
obtain the following constitutive relationship:
(3.20]
If equation (3.19] is substituted into [3.20], assuming
total stress to remain constant, then equation [3.20]
becomes:
=
a/ay(-Cwkh(auf/dY +Pfg)
+
k'ITdn/dY)
(3.21]
A further simplification of equation (3.21) can be made
by using two potential quantities called the equivalent
freshwater hydraulic head, , and the osmotic head, The
use of a freshwater hydraulic head was suggested by Frind
(1982a,b) for the solution of transient density-dependent
transport problems related to coastal seawater intrusion.
The principal advantages of this approach are as follows:
1) It minimizes the effect of numerically large static
pressures, overshadowing dynamic pressure differences
due to density effects, which may be producing flow,
and,
2) It rewrites the flow equation in such a way that the
conductivity term is independent of variations in
fluid properties.
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The equivalent freshwater hydraulic head and the
osmotic head may be written as:
[3.22a]
n = n/(pwg) [3.22b]
The hydraulic and osmotic flow equations are then
written as:
h
=
-KhCa1J!/ay + PrJ
n
=
Knarr/a y
[3.23a)
[3.23b)
where: Kh
Kn
Pr
Since a �/at
be written as:
= permeabil i ty = khPwg
= osmotic permeabil i ty = k'lTPwg
= relative density = Pf/pw-1
=
pwga1J!/at , the consolidation equation can
-mvpwga1J! /a t + mn pwgarr fa
t
=
a/ayc -Kh(a1J!/ay + P.c) + Knarr/ ay) [3.24]
In equation [3.24J, my, Kn, and Kh may all be a
function of solution concentration. As discussed in Chapter
1, when osmotic volume change results in fracture of the
clay, large increases in the permeability can be expected.
However, in the absence of fracture development the changes
in permeability may be fairly minor. Figure 3.12 from Mesri
and Olson (1971) illustrates the small changes in
permeability that occur at similar void ratios, but with
different concentrations of pore fluid. The numerical
solution of equations [3.23] and [3.24] will utilize a
constant value of permeability.
Equation [3.23] and [3.24] must solved in conjunction
with the salt transport equation [3.l6b]. The numerical
solution used to solve this coupled problem is described in
Chapter 4.
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•CHAPTER 4
NUMERICAL SIMULATION OF ONE DIMENSIONAL
OSMOTIC FLOW AND VOLUME CHANGE
4.1 General - Method of Solution
The governing partial differential equations for one­
dimensional osmotic flow and volume change were developed in
Chapter 3. Equation (3.241 describes the volume change that
occurs within a saturated soil, as a result of changes in
effective stress and osmotic pressure. This equation is
coupled with equation £3.16 ) which describes the changes in
pore fluid concentration with time. A numerical solution of
these two equations can be obtained through the use of a
finite element numerical model.
The numerical model developed to solve the governing
equations is called OSMOPC. The model utilizes a series of
one-dimensional elements to discretlze the spatial domain of
the problem, and a finite difference approximation of the
time derivatives. The values of concentration, osmotic head
and hydraulic head, are defined at the element nodal points.
The distribution of these values across the element is
assumed to be linear. Both a central difference and a
backward difference approximation can be used for the
solution of either of the transient equations.
A detailed documentation for OSMOPC is presented in
Appendix B. The documentation describes the development of
the finite element equations and data input formats. The
flow charts for the algorithm are �lso presented in Appendix
B. The overall structure of the model is illustrated in
Figures 4.1 and 4.2.
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•SUBROUTINE MAIN
START
INPUT F1L
,. DATA FILE
OUTPUT FI
� ,. � GENERAL
..
NODAL CON
ITERACTIVE FILE
ASSIGNMENT
r: HYDRAULIC
� OSMOTIC HE
.� PRESSURE
,. VELOCITIES, e
- 1 IINITIALIZE VARIABLES • INIT
•
_I CLREAD IINPUT CONTROL DATA •
...
�I IINPUT TRANSPORT DATA '4 TREAD
...
-I IINPUT FLOW DATA � FREAD
�
CALL PROGRAM .... PROCOL
CONTROL SUBROUTINE
�
CLOSE FILES
-�-
STOP
E
LES
CENTRATIONS
HEAD
AD
Figure 4.1 Flow Chart for OSMOPC - Subroutine MAIN
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C START__;'
FORM GLOBAL
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KTSTIF J1 STIFFNESS MATRIX
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�
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BEGIN TIME
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0 �
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BEGIN ITER.
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...
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I
CHK FOR VOLUME
"I SWE
CHANGE
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PRINTOUT
SOLUTION
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CEND
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Figure 4.2 Flow Chart for OSMOPC - Subroutine PROCOL
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The following steps are followed for each increment of
time:
1. The consolidation equation, (equation [3.24]) is
solved for the hydraulic head at the nodes, using
initial estimates of the osmotic heads,
2. The pore fluid velocities are calculated using the
values of hydraulic and osmotic head,
3. The salt transport equation, (equation (3.16) is
solved to obtain the concentration at each element
nodal point,
4. Steps I through 3 are repeated until convergence for
the nodal concentration is obtained,
5. Following convergence, the solution is obtained for
the next time step using the final nodal
concentrations from the previous step as initial
conditions.
The program was originally developed in Fortran to run
on a Vax 11-780 mainframe computer. It was later modified
to run using Microsoft Fortran (Version 3.0) on a Commodore
PC-IO microcomputer, with a 8087 coprocessor, 20 megabyte
hard drive and 512 kilobytes of random access memory. The
program is capable of handling any number of material types,
as well as tabulated relationships for the values of K� and
m�. Independe�t
values of compressibility may be used if the
sample changes from compression to swelling during the
osmotic consolidation process (i.e., mv
to ms).
4.2 Program Verification
The computer program solves
osmotically induced consolidation
In this general form, there is
numerical model with which
the general problem of
and osmotic consolidation.
no other analytical or
to compare results for
verification. However, the program is also capable of
solving a series of simpler problems for which analytical or
numerical solutions are available.
A series of simple problems were solved during
development which included: steady state flow, contaminant
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•transport in a steady state flow regime, transient flow
(one-dimensional consolidation), density dependent flow,
steady state osmotic flow, and osmotically induced
consolidation. A summary of these verification exercises is
provided in Table 4.1.
The simple cases listed in Table 4.1 were used to
"debug" the program, to provide verification of the
algorithm, and also to make decisions regarding the degree
of refinement of spatial and temporal discretizations
required to ensure accurate solutions.
4.3 Example Simulations
OSMOCO simulates the response of a clay layer to the
effects of osmotic flow and consolidation. The simulated
responses of the numerical model provide insight into the
types of behavior that may be characteristic of clay layers
that undergo either osmotic or osmotically induced volume
change.
The two potential mechanisms for osmotically related
volume change in clay soils are osmotically induced
consolidation and osmotic consolidation. It is anticipated
that in actual testing, a clay would respond to both
mechanisms of volume change to varying degrees. In this
section the numerical model is used to demonstrate the
characteristic behavior of a typical clay sample when its
volume change is controlled by one mechanism or the other.
4.3.1 General Description of Simulations
Four simulation cases are presented in this section.
The material properties, initial conditions, and boundary
conditions for these simulations are presented in Figure
4.3. Two of the four cases simulate osmotic consolidation
(i.e., Cases Al and A2), and two cases simulate osmotically
induced consolidation (i.e., Cases B1 and B2).
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Table 4.1 OSMOCO Verification Problems
Problem Type- Case Runs
Mass Transport (Steady Flow)
-
1st and 3rd Type Boundary Conditions
-
Condensed vs Lumped Formulation
-
Peclet I Courant Number Trials
Consolidation - I-way and 2-way Drainage
-
Constant Initial Excess Pressure
-
Triangular Initial Excess Pressure
Distribution
1.0
0'1
Density
-
Dependent Flow Steady State Velocity for various
Brine Density Contrasts
-
Transient Density Dependant Flow
Steady State Osmotic Flow - Steady Osmotic Flow from Linear
Concentration Distribution
Induced Osmotic Consolidation
-
Time to 100 \ Consolidation
,
Comparative Analyticall Numerical Solutions
Ogata Banks (1961) I Analytical
Barbour (1981) I Numerical
Taylor (1948) I Analytical
van der Ramp (1984) I Analytical
unpublished model - MTRADENI Numerical
Frind (1982a,b)
osmotic flow law
Greenberg (1971), Mitchell (1973)
I Numerical
-
---------.- .. -_,,_-----------�---------...
EXAMPLE SIMULATION DATA
General Properties:
Kh
= 1 x 10-10 m/s
my
= 5 x 10-4 /kPa
-4 2
Cv
= 2.03 x 10 cm /s
0 = 5 x 10-10 m2/s
n
= 0.5
Boundary Condltions:
CASE 1
-
CASE 2
Transport/1st type/ C
= 4 M
H
Flow/1st type/ u
= 0
Transport/1st type/ C = 4
Flow/1st type/ u = 0
T
Co = 0, t<O
1 em
Co = 0, t<O
uo = 0, t<O uo = 0, t<O
_L
Transport/2nd type/ 'dC/ ax = 0
=0
Flow/2nd type/ qo
= 0
Transport/ 3rd type/ qoCo
Flow/1st type/ u = 0
Cases:
Case A
- Osmotic Consolidation
K = a
'IT
-6
m'IT
= 2.5 x 10 /kPa
Case B
-
Osmotically Induced Consolidation
K'IT
= 5 x 10-l3 m/s , efficiency = .005
m
'IT
= a
Fi9ure 4.3 Example Simulation Cases AI, A2, B1, B2.
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•All four cases simulate the response of a clay sample
exposed at the upper surface to 4.0 M NaCI brine. Cases Al
and Bl simulate the condition where fluid flow �cross the
base of the sample is prevented. Cases A2 and B2 are for the
condition where a zero pore fluid pressure is maintained at
the base, consequently flow of fluid in or out of the base
of the sample is permitted.
The model output data consists of nodal concentrations,
nodal osmotic and hydraulic heads, and �lement velocities,
for each time step. The deflection of the sample with time
was calculated using a utility program, VELFIL. The
deflection was calculated as equal to the net total
cumulative flux out of the sample. Two other utility
programs, NODVAL and TELFIL, were used to reduce the output
pressure and concentration files to sets of contours for
plotting. A listing of each utility program is included in
Appendix B.
4.3.2 Base Flow Restricted - Cases Al and Bl
Restricting the base flow during osmotic volume change,
results in the development of pore-pressures along the base
of the sample. Figures 4.4 and 4.5 illustrate the base
pressure response with time, for Cases Al and Bl. Small
positive pressures begin to build during osmotic
consolidation (Case AI), reaching a maximum value of 24 cm
of head at a time factor of approximately 2.
Positive pressures result from the expulsion of fluid
due to osmotic consolidation at the top of the sample. In
Case Bl, large negative pressures develop along the base of
the sample. The peak pressure again develops at
approximately a time factor of 2. The maximum negative
pressure head is approximately 1000 cm. Using the van't Hoff
approximation, the osmotic pressure of 4 molar brine is
approximately 20000 kPa. The ratio of the peak base
pressure to the maximum osmotic pressure is equal to the
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osmotic efficiency of the clay (i.e., .005) used in the
simulation.
Although the magnitudes of the pressures that develop
within the sample are dramatically different, the shape of
the pressure contours illustrated in Figures 4.6 and 4.7 are
mirror images of each other. In the case of osmotic
consolidation (Case Al) a maximum peak pressure head of 24
cm of water builds and then decays to zero as concentrations
equalize throughout the sample, and osmotic consolidation is
complete. In Case 81, high negative pressures develop
within the sample in response to the strong osmotic
gradients. A maximum negative pressure head of approximately
1000 cm develops over most of the sample, before it begins
to decay as a result of the equalization of concentrations
throughout the sample.
The concentration contours, illustrated in Figures 4.8
and 4.9, are essentially identical for the two cases. At an·
elapsed time equal to a time factor of 2 the strong osmotic
flows generated in Case 81 have dissipated. After that
time, the rate of salt migration is controlled by diffusion,
and consequently the rate of salt migration in both cases is
essentially the same.
4.3.3 Base Flow Unrestricted - Cases A2 and 82
In Cases
maintained at
A2 and 82, the fluid pressure at the base is
atmospheric. The flow generated during the
osmotic volume change process is illustrated in Figures 4.10
and 4.11. Flow out of the base (ie., negative cumUlative
base flow) begins at a time factor of approximately 1 for
the case of osmotic consolidation (Case A2). The flow is in
response to the expUlsion of pore fluid due to osmotic
consolidation that is occurring within the sample.
Consequently, the base flow slows with time, and eventually
stops when osmotic consolidation is complete.
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•For the case of osmotically induced consolidation (Case
B2), pore fluid pressures at the base begin to develop at a
time factor approximately equal to 1. In this case, the
base flow is into the base of the sample, and the flow rate
continues to increase with time. Figure 4.12 illustrates
the cumulative base flow on a arithmetic time scale. It is
evident that the base flow reaches a steady flow rate into
the sample. The flow rate produced is approximately 1.87 x
-2 2
10 cm3/min. For· the sample area of 31.67 cm , this is
equivalent to a hydraulic gradient across the sample of
approximately 1000. The potential osmotic pressure
gradient across the sample is approximately 20000.
Consequently, the ratio of the osmotic permeability to the
hydraulic permeability (i.e., the osmotic efficiency) is
.005.
The pressure contours across the sample are illustrated
in Figures 4.13 and 4.14. For the case of osmotic
consolidation (Case A2), the maximum pressure head develops
near the top of the sample at early times, and then decays
to zero as the salt concentrations equalize throughout the
sample. In the osmotically induced consolidation case (Case
B2), large negative pressures develop near the top of the
sample but then do not fully decay. A steady state negative
pore pressure distribution develops within the sample after
a time factor of approximately 10.
The steady state pressure distribution in Case B2
occurs in response to the distribution of concentration
throughout the sample. The concentration contours are
presented in Figures 4.16. The strong upward steady flows
that develop through the sample prevent the concentrations
from equalizing across the sample.
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A steady state concentration profile is reached when
diffusive salt transport towards the base of the sample is
offset by advective transport of the salt towards the top of
the sample. Figure 4.16 demonstrates that the presence of
strong osmotic flows in clay liners would prove to be an
effective barrier to salt migration.
The concentration contours in Figure 4.15 are nearly
.identical to those illustrated for Case Al in Figure 4.8.
The small flows generated by expulsion of pore fluid during
osmotic consolidation would seem to have little influence on
the rate of penetration of salt into the sample.
4.3.4 Time Deflection Responses
- Cases Al,Bl,A2,B2
The time deflection plots for the four cases are
illustrated in Figure 4.17. An additional trial (Case B1a)
is also shown on this figure. A swelling index (m 0), equal
s
to 1/10 of the compressibility (m v)
is utilized by the model
when the sample swells.
Cases B1 and B1a reach a maximum deflection at a time
factor of 2. This is the same value of the time factor for
100 percent osmotically induced consolidation reported by
Greenberg (1971) and Mitchell (1973). After 100 percent
consolidation, the sample begins to swell. Negative pore
pressures which developed within the sample during
consolidation, begin to dissipate, which causes relaxation
of the effective stress within the sample. For Case Bla
swelling occurs with a much smaller modulus and consequently
full rebound of the sample is not realized.
Flow into the sample was permitted in Case B2.
Consequently, large negative pressures never develop across
the entire sample. As a consequence, the maximum deflection
of Cases B1 and Bla is not matched by Case B2.
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The osmotic consolidation cases (Case Al and A2) have
nearly identical time-deflection curves. Full consolidation
in these cases is reached at a time factor of 100. It was
noted earlier that the small flows generated by expulsion of
pore fluid during osmotic consolidation had little influence
on the rate of salt migration. In both of these cases
volume change was only occurring as a result of osmotic
consolidation. Consequently, the time to 100 percent
consolidation should also be representative of the time to
100 percent equalization of concentration.
The equation for salt transport through soil due to
diffusion alone can be written as follows:
a C/ a t = 0 a
2
C/ a y2 [4.1]
where; = diffusion coefficient
This equation is of the same form as that of the
consolidation equation:
a u/ at = Cv a 2u/ a y2 [4.2]
where; = coefficient of consolidation
The classical solution of the consolidation equation
relates the degree of consolidation to the time factor, T,
2
equal to (Cvt/h). The time factor for 50 percent
conso�idation is approximately 0.197. The ratio of Cv to 0
must then also be equal to the ratio of the time factors for
50 percent osmotic consolidation to 50 percent effective
stress consolidation. The coefficient of diffusion
-10
calculated in this manner is in fact equal to 4.0 x 10
m 2/ s , approximately 80% of the value input into the
simulations.
4.3.5 Summary
A number of general conclusions can be drawn from the
results of the simulations of osmotic and osmotically
induced consolidation. For the case of osmotically induced
consolidation, it is evident that the general shape of the
pore pressure contours and deflection-time curves of the
•_ _ _ __ .L _Ir ....
sample are consistent with the responses reported by
Greenberg (1971) and Mitchell (1973). The time factor for
100 percent osmotic consolidation was the same as that
reported by these authors.
The base pressure response and the cumulative base flow
would seem to provide reasonable estimates of the osmotic
efficiency of the clay. The maximum base pressure response
was equal to the maximum osmotic pressure pressure
multiplied by the osmotic efficiency. An equivalent
hydraulic gradient can be calculated from the maximum
osmotic base flow rate. The ratio of the equivalent
hydraulic gradient to the osmotic gradient, provides an
accurate estimate of the osmotic efficiency.
When osmotic flows are strong, complete equalization of
the pore fluid concentrations across the sample is not
attained. When this occurs, the consolidation of the sample
may be significantly lower.
The contrast between osmotic consolidation and
osmotically induced consolidation is evident in the time­
deflection curves for the sample. The osmotically induced
consolidation process occurs within a time frame consistent
with that of conventional consolidation. The rate of
osmotic consolidation, on the other hand, is controlled by
the diffusion of salts into the sample. The time to 100
percent osmotic consolidation can be related to the
coefficient of diffusion for the soil.
The results of the simulation demonstrate the
anticipated behavior of a clay under the two extreme cases
of osmotic or osmotically induced consolidation. It would
seem apparent, based on these simulations, that the
relative significance of either of these two processes on
the actual consolidation of a clay can be characterized by
monitoring sampl� deflection, base flow rates, and base
pressure responses with time.
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CHAPTER 5
LABORATORY PROGRAM
5.1 Introduction
The primary objective of the laboratory investigation
1s to identify and quantify the dominant mechanisms
producing volume change within clay soils exposed to
concentrated electrolyte solutions. The volume change,
fluid flow, and pore fluid pressure response of a sample of
clay (undergoing osmotic and osmotically induced
consolidation) have been demonstrated to be diagnostic of
the osmotic- phenomena active within the clay.
In this chapter the laboratory program used to monitor
the characteristic responses of two types of clay samples is
described. A review of the literature is presented to
illustrate the types of experimental techniques that have
been applied to date in the study of osmotic flow and volume
change in clay soils. The general approach to the laboratory
program is discussed, followed by a detailed description of
the testing equipment. The procedure followed for each
stage of testing is also described. The material properties
for the soils and electrolyte solutions used in the
laboratory program are given. Finally an overview of the
different testing series is then described.
5.2 Laboratory Studies of Osmotic Phenomena in Clay Soils
Previous laboratory studies of osmotic
clay soils can be classified as being one
types:
phenomena in
of three basic
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1. Studies of osmotic flow,
2. Studies of the effect of pore fluid concentration on
compressibility and swelling, and,
3. Studies of transient volume change of clays due to
osmotic phenomena.
Most studies presented in the literature have isolated
particular aspects of the general mechanisms of interest in
this study.
Osmotic Flow
Laboratory studies
Section 2.3.1 of the
of osmotic flow were described in
literature review. Various forms of
osmometers have been used in these studies, similar to those
depicted in Figure 5.1 and 5.2. After sample of clay is
placed between two porous end caps, concentration
differences are applied across the sample, and measurements
of fluid flow across the sample are made. No provision is
made in these devices to control the confining stress on the
sample.
Studies which have observed the induced pressure
response, rather than the osmotic flow directly, have also
been described in Section 2.3.1. Figure 2.4 illustrates the
typical apparatus used in these tests. The sample 1s
contained within a steel cylinder and confining stresses are
applied to the sample through a loading piston.
Influence of Pore Fluid Chemistry on the
Compressibility and Permeability of Clays
Studies which have investigated the influence of pore
fluid concentrations on the compressibility or swelling of
clays have been described in Section 2.2. In general, these
investigations have utilized samples which have been
premixed with fluids of various concentrations. These
samples have then been teste��ln conventional consolidation
apparatus.
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Figure 5.1 Osmometer used by Kemper
and Rollins (1966)
to Measure Osmotic and Hydraulic Conductivity
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A major disadvantage of this approach is that only
dilute solutions can be utilized without producing
significant changes in the structure of the clay. These
structara��hanges tend to overshadow changes that occur in
the alteration of the physio-chemical interactions between
individual clay particles within a constant structure.
Another method of varying the pore-fluid composition
has been to force a new pore fluid into the sample using
high hydraulic gradients (Sridharan and Rao 1973). This
approach has been used to investigate the effect of changing
pore fluid composition on permeability (Buettner 1985,
Zrymiak 1985, Ridley 1985,1983, Anderson and Jones 1983,
Anderson et al 1984). In these studies rigid wall, or
flexible wall triaxial permeameters have been used to
measure changes (n permeability as the pore fluid
composition is changed. Reviews of the literature in this
area are provided by Zrymlak (1985) and Ridley (1985). The
rate and magnitude of volume change within the clay has been
of secondary interest in these studies, relative to the
alteration in permeability that occurs due to permeation
with a new pore fluid.
Osmotic and Osmotically Induced Consolidation
The focus of studies into the changes in permeability
that occur as a result of brine permeation, has been on the
behavior of the clay during steady flow conditions. The
transient behavior of clay soils in response to osmotic
phenomena has been investigated by Greenberg (1971) and Ho
(1985).
Greenberg (1971) studied the development of osmotically
induced consolidation using various clays and solutions of
glycol and NaCl. His experimental investigation included the
measurement of ·-·�'tlfe- rate of one-dimensional osmotic
consolidation of clay samples exposed to glycol solutions.
The glycol solution was injected into the porous stone at
the base of an oedometer. A schematic of his testing
apparatus is depicted in Figures 5.3. Greenberg (1971) made
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one attempt to measure the development of negative pressures
within a sample during osmotically induced consolidation;
however, he was unable to detect any change in pore fluid
pressures.
Ho (1985) undertook a broad laboratory study on the
influence of NaCI brine on the geotechnical properties of
clay soils. In one set of tests, samples of clay were
exposed to NaCl solutions by replacing the water reservoir
in a standard oedometer with various NaCl solutions. Figure
5.4. illustrates the test device used by Ho. This testing
provided a general characterization of the rate and
magnitude of osmotic volume change; however, the study was
not able to establish the magnitude of the respective
mechanisms of osmotically related volume change.
5.3 Testing Methodology
The objective of this present study was to identify the
mechanisms of volume change which occur in clays under
relatively low confining stresses. The theoretical response
of a sample undergoing either osmotically induced
consolidation, or osmotic consolidation, was described in
Chapter 4.
Osmotically induced consolidation occurs rapidly,
within the time frame of normal consolidation, and is
accompanied by strong water flow as a result of osmotic
gradients. This results in the development of negative
fluid pressures within the sample. Osmotic consolidation,
on the other hand is characterized by slow consolidation,
controlled by the diffusion of salts into the sample.
Osmotic consolidation is accompanied by small volumes of
fluid flow out of the sample and positive pressures changes
within the sample.
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These characteristic responses should be readily
observable if a sample of clay is exposed to the electrolyte
along only one surface. Observations of volume change can
be made by monitoring the deflection of the upper sample
surface. Observations of flow or pressures that develop
across the base of the sample with time can also be made.
The material properties required to quantify the
osmotic volume change processes were developed in Chapter 3.
The material properties required included osmotic
compressibility, mn
; osmotic permeability, Kn; or
efficiency Kn/Kh; compressibility, my; permeability, Kh;
and the coefficient of diffusion, D.
Conventional one-dimensional consolidation testing of
clay soils is used to evaluate the compressibility.
Consolidation theory can also be utilized to obtain an
indirect estimate of the permeability. Several studies have
suggested, however, that considerable errors in the value of
permeability may occur using this technique (Olson and
Daniel 1981, Tavenas et al 1983a, Tavenas et al 1983b). A
more accurate definition of the permeability of the sample
can be obtained using a constant head permeability test.
Osmotic compressibility can be obtained from
measurements of the magnitude of volume change that occurs
in the clay with increases in the pore fluid concentration.
It was illustrated in Chapter 4 that the base flow or
pressure response within the sample can be used to define
the osmotic permeability or efficiency of the clay.
A variety of techniques exist for the evaluation of the
coefficient of diffusion (Gillham et al 1984, Robinson and
Stokes 1968). One of the simplest is to measure the steady
state mass flux of salt across a sample in the presence of
known concentration gradients.
5.4 Equipment
The primary measurement to be made is that of the rate
of osmotic volume change. Measurements of volume change
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during consolidation have been made routinely for effective
stress consolidation of soils using a conventional
laboratory oedometer. A similar device will be used in this
study. Modification. to the basic oedometer design are
required to allow measurements of flow and pressure across
the base of the sample to be made. In addition provisions
also have to be made to expose the top of the sample to
constant solution concentrations.
5.4.1 Modified Oedometer
The modified oedometer developed for this study is
illustrated in Figure 5.5. Vertical loading of the sample is
provided through a standard ELE loading frame. The
stainless steel sample ring is sealed into the base plate
using a single o-ring. The base is connected through a
system of valves to calibrated burettes or a pressure
transducer (Figure 5.6).
Two burettes were used during testing. Both burettes
were laid horizontally at the same elevation as the top of
the sample. A small glass burette is used to measure flow
rates across the base of the sample during osmotic
consolidation. Measurements of fluid volumes are made by
monltoring the movement of an air/water meniscus within the
burette. The volume of the burette is 0.052 ml of water per
cm of displacement. The burette was vented to the
atmosphere through a high humidity water vapor reservoir to
eliminate evaporation losses.
A second, larger polyethylene burette was used during
constant head permeability testing of the samples. This
burette has a volume of 0.16 ml per em of displacement of
the air/water meniscus. During permeability testing the
larger burettes were connected to an air pressure supply
through pressure gauges. Soil Moisture Inc. pressure gauges
were used which had a range of approximately 400 kPa, and an
accuracy 0.25%.
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Two sets of transducers connected in series to the base
plate, were used for tests in which the base pressure
response of the pore fluid was to be measured. The changes
made in the test setup to accommodate the pressure
transducers are shown in Figure 5.6. A low range (Celesco
LCVR) transducer, and a high range (Celesco PLC) transducer
were used for only one set of tests. The low level
transducers proved to be unstable and their use was
discontinued. The high range transducers had a pressure
range of 100 kPa and an accuracy of 0.5%. Corrections for
barometric pressure variations were made using a third
Celesco PLC transducer left open to the atmosphere.
Verification of the barometric pressure measurements was
made periodically using a No. 1215 Sargent-Welch mercury
barometer.
For the second series of pressure response tests the
high level transducers were connected directly to the base
plate through less than 30 cms of polyethylene tubing. The
tubing length was shortened so as to minimize time lag in
the pressure readings due to volume changes in the tubing.
Calibration of the transducers was performed by connecting
the pressure lines to standing water columns of known
height. Calibration data for the pressure transducers is
included in Appendix C.
Exposure of the sample to NaCl solutions was
accomplished by providing a continuous siphon of solution
across the top of the sample. For several initial tests,
the solution supply to the samples was provided by a gravity
siphon from an adjacent solution reservoir. Excess brine was
then siphoned from the sample ring into a graduated
cylinder. In later tests a peristaltic pump was used to
ensure a constant supply of solution from the reservoir to
the sample.
Two concentric grooves within the loading cap ensured
an even radial flow of solution across the top of the sample
from the inner ring to the outer ring. For all but two test
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samples (i.e., RCI and RC2), stainless steel screens were
used at the top of the sample in place of porous stones.
Porous stones or stainless steel rings were used to separate
the base of the sample from the base plate.
5.4.2 Standard Oedometer
A series of tests were undertaken to observe the
magnitude and rate of osmotic deformation using "two-way
drainage" setups. These consisted of light loading frames
with modified loading caps. In place of porous stones,
pairs of fine mesh stainless steel screens were used on the
top and bottom of the sample. Modifications were made to
allow solution to be injected directly onto the screens.
Replacement of the solution in the reservoir surrounding the
sample was performed periodically in order to ensure full
solution strengths adjacent to the sample. The old solution
was siphoned out of the reservoir and the fresh solution was
injected directly into the top and bottom screens.
5.5 General Test Procedures
For most of the tests, the clay samples were
reconsolidated from a slurry. At the selected stress level,
the permeability of the sample was measured. The sample was
then exposed to various solution concentrations and changes
in volume, and base flow or pressure, were then monitored.
In the following sections each stage of this test sequence
is described in detail.
5.5.1 Test and Sample Preparation
The sample ring and base plate was assembled and
flushed repeatedly with distilled water prior to testing. A
leakage test was performed prior to every test by filling
the ring with distilled water to the same elevation as the
burettes. The ring was covered with plastic wrap, and the
base was opened to the small burette. In general, leakage
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tests were conducted overnight and were deemed acceptable
only if the leakage rate was non-detectable. For a few cases
a leakage rate of less than 0.0026 ml per hour was accepted.
Samples for the tests were mixed from air-dried soil
and distilled water to moisture contents approximately equal
to the liquid limit for the soil plus 10%. After mixing, the
samples were placed in a moisture and temperature controlled
room to cure overnight. The sample was then placed in the
·ring with sufficient reworking so as to remove any trapped
air bubbles.
5.5.2 Sample Consolidation
Following placement of the slurried sample into the
test ring, filter paper, stainless steel screens and the
loading cap were placed on the sample. The sample was then
left to consolidate for approximately half a day. Loading of
the sample to the desired confining stress was then carried
out by doubling the load increments. In all but two of the
tests, the samples were consolidated in a double drainage
mode by leaving the sample base connected to the large
burette, which was left vented to the atmosphere. For
samples RCIO and SB6 pore pressure responses during
consolidation were used to measure the response time of the
transducers.
At the stress level at which osmotic volume changes
were to be observed, the sample was left to consolidate
until the rate of secondary consolidation of the sample was
established. Following the completion of osmotic volume
change, several samples were consolidated to higher stress
levels.
5.5.3 Constant Head Permeability Tests
Constant head permeability tests were performed on all
samples following consolidation. For permeability testing
the base of the sample was opened to the large burette. Air
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pressure was
flux through
movement of
air pressure
the sample
permeability
gradients.
The maximum air pressure used was kept to a minimum in
order to avoid significant changes in the effective stress
applied to the large burette, and the Darcy
the sample was measured by monitoring the
the air-water meniscus with time. A constant
was maintained until a steady flow rate through
was achieved. For several samples the
test was repeated for up to three different
within the sample. The average effective stress change
within the sample was kept less than 10% of the effective
stress prior to permeability testing.
Permeability testin�, following the completion of
osmotic volume change, was undertaken on three samples. The
reservoir of fluid below the sample in the cell was
contaminated with salt during the osmotic volume process.
The duration of the post-osmotic permeability testing was
minimized in order that fresh water from within the burette
tubing would not penetrate the sample.
5.5.4 Osmotic Volume Change
The sample was left a sufficient length of time
following permeability testing to dissipate any excess
pressures within the sample. The small burette was then
opened to the base of the sample and the top of the sample
was exposed to the specified solution concentration.
Deflection, and base flow or pressure measurements were then
commenced. All data was recorded manually with the exception
of the pressure measurements which were recorded using a
data acquisition system.
Following the completion of osmotic volume change, the
sample was removed, retested for permeability, and/or loaded
to higher applied stress levels. The thickness and moisture
content of the sample was obtained after removal of the
sample from the apparatus.
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The soluble salt content of the pore fluid of several
samples was obtained by measuring the total dissolved salt
content of extracted samples of the pore fluid. The pore
fluid was extracted by the use of a soil press (Figure 5.7).
This technique has been used successfully by Manheim (1966)
and Balasubramonian (1972).
The press was assembled after it was washed twice with
distilled water and air dried. The soil sample was placed
on top of filter paper, and a clean plastic syringe was
inserted into the effluent passage. Pressure was gradually
applied until several mls of fluid were extracted. The mass
of dissolved salt was measured gravimetrically by oven
drying a known volume of the extracted fluid. The volume
was measured using a volumetric pipette.
5.5.5 Diffusion Test
Direct measurements of the coefficient of diffusion
were made in two separate tests (i.e., RC4 and SB3). These
samples were consolidated and then tested for permeability
using the above described methods. After the completion of
the permeability test, the base of the sample was then
opened to the large burette on one side and a drainage
tube on the other. The outlet of the drainage tube was kept
at the same elevation as that of the solution reservoir at
the top of the sample. As the top of the sample was exposed
to brine a slow siphon of distilled water was maintained
across the base of the sample. This underflow was sampled
periodically and tested for total dissolved solids content
and conductivity. Three to 10 ml samples of the base
underflow were taken.
These samples were oven-dried for a minimum of half an
hour and then cooled in a desiccator for 15 minutes. The
samples were then weighed to obtain the weight of the total
dissolved solids within the sample.
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Conductivity measurements of the base underflow were
taken periodically using a Industrial Instruments (Model RA-
2A) conductivity meter. Sufficient flow was always provided
to maintain the concentration of the underflow to a level
less than 1% of that being used at the upper surface of the
sample.
5.6 Description of Test Soils and Solutions
The types of soil and solution selected for this study
are described in this section. Basic properties of each of
these materials are also provided.
5.6.1 Description of Soil Types
Two clay soils were selected for testing. These were
Lake Regina Clay and a 20% 80% mixture of Na­
montmorillonite and Ottawa sand. The selection of these
soil types was made in anticipation that the two clays would
exhibit different mechanisms of osmotic volume change. The
properties of these two materials are discussed below.
Ho (1985) tested samples of reconsolidated Regina Clay
and obtained results which were indicative of a slow volume
change process similar to that envisaged for osmotic
consolidation (Figure 2.19). Testing by Buettner (1985) and
Zrymiak (1985) used mixtures of Na-montmorillonite and
Ottawa sand to evaluate the effect of brine contamination on
the permeability of clay liners. Buettner exposed a sample
of approximately 17% Na-montmorillonite to a saturated NaCl
brine, under a hydraulic gradient of 270. Upon brine
exposure, the fluid flow at the upstream end of the sample
reversed against the prevailing hydraulic gradient. This
reversal in flow continued for a time factor of
approximately 1 after which time, flow into the sample
resumed.
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5.6.1.1 Regina Clay
Two series of tests were performed on Regina clay; one
on remolded samples and the other on intact samples. For
the tests of slurried Regina Clay, only the material passing
a No. 10 sieve was used in testing. The intact Regina Clay
samples were taken during the field drilling program for a
separate study (Bruch 1985). The samples were taken from a
depth of up to 7.7 metres. The tests on the intact samples
were to provide a qualitative indication as to whether the
influence of osmotic consolidation was as significant to
undisturbed specimens of Regina Clay as it appeared to be
for the remolded samples.
Regina Clay has been used in a number of studies
undertaken at the University of Saskatchewan including Ho
(1985), Fredlund et al (1980), and Fredlund and Hasan
(1979). The clay is obtained from a surficial, glacial lake
deposit situated at Regina, Saskatchewan, Canada. It is
grayish brown in color (2.5Y 5/2, dry) and highly plastic.
A summary of index properties for Regina Clay is provided in
Table 5.1. The results of an analYSis of soluble salts based
on a saturation extract, are given in Table 5.2.
5.6.1.2 Na Montmorillonite/ Ottawa Sand Mixture
The Na-montmori1lonite (i.e.,bentonite) is a commercial
product known as Avongel Sodium Bentonite. The sand used was
an Ottawa sand, meeting ASTM C-190 specifications. It is a
uniform fine silica sand that passes the No. 30 US sieve and
is retained on the No. 100 sieve.
A summary of the general properties of the Na­
montmorillonite, Ottawa sand, and the sand/bentonite mixture
is given in Tables 5.1 and 5.2.
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Table 5.1 Summary of Classification Tests
Test Regina Clay Na-Mont Sand Mixture
Specific Gravity 2.83 2.56 2.65 2.63
Atterberg Limits
Liquid Limit 75.5% 62.1%
Plastic Limit 24.3% N/A np
Plasticity Index 51.2% N/A
Grain-Size Distribution
Sand Sizes 0% 0% 100% 80%
Silt Sizes 34% 0% 0% 0%
Clay Sizes 66% 100% 0% 20%
Mineralogical Composition
- Less than 2 microns
Montmorillonite 45.2%* 80%** N/A N/A
Illite 27.7% 7% N/A MIA
Kaolinite 17.7% 0% N/A N/A
Trichlorite 9.4% ()% N/A N/A
Quartz 0.0% 8% N/A N/A
Gypsum 0.0% 3% N/A N/A
Carbonate 0.0% 2% N/A N/A
Specific Surface 53*** 700-840****N/A 140-168
(m 19m)
Exchange Capacity 31. 7 80-150 N/A N/A
(mellOO gm)*****
Exchangeable Cations*****
(me/100gm)
Magnesium 15.3 N/A N/A N/A
Calcium 54.4 N/A N/A N/A
Potassium 0.59 N/A N/A N/A
Sodium 1. 77 N/A MIA N/A
------------------------------------------------------
* Test performed by Saskatchewan Research Council
** Quigley (1984)
*** Test performed by Department of Soil Science,
University of Saskatchewan by ethylene glycol
sorption (Black 1965 Part 1)
**** Mitchell 1976
***** Fredlund 1975
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Table 5.2 Chemical Analysis of Saturation Extract
(performed by Saskatchewan Soil Testing
Laboratory
- after Black 1965 part II)
Test Result Regina Clay Bentonite
w.c. of extract 88% 550%
pH 7.4 8.8
Conductivity 3.7 4.0
(mS/cm)
Ions in Extract (ug/ml)
Na+ 210 910
Ca++ 546 23
Mg++ 183 7
K+ 35 9
Cl- 133 81
504-- 1700 1400
Sodium Adsorption Ratio
2.0 42.2
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5.6.2 Test Solution
NaCI solutions were used throughout the testing. These
solutions were prepared from distilled water and dry fine
granulated salt. The salt used was Windsor Fine Granulated
Salt.
HaCI.
This salt was not iodized and was composed of 99.3%
The manufacturing specifications for the dry salt is
provided in Appendix C.
Solution concentrations used in testing varied from
0.01 M to 5.0 M. Fully saturated MaCI solutions were not
used. It was feared that if saturated solutions were used
variations in temperature might res·Qlt in precipitation of
the dissolved salt during testing.
5.7 Summary of Tests
Table 5.3 presents a summary of the tests completed in
this study. A total of 26 tests were completed. Each test
provided data on the rate and magnitude of osmotic volume
change, however, each test could be monitored for only base
flow or pressure. Ten samples were monitored for base
flows, and 4 samples were monitored for base pressure
responses. Tests RC7 and SB3 were conducted primarily to
establish values for the coefficient of diffusion at
different concentrations. Tests RCDD and SBDD were
conducted in order to establish the shape of the virgin
consolidation curve for reslurried
Sand/bentonite without the effect
concentrations.
Regina Clay and
of varying solution
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Table 5.3 Summary of Laboratory Tests
Bas� V�rticl� Str�ss
"easur�lents during
Exposure after
flow Pressure to Brine Reloading
* l (kPa) (kPa)
Sa.ple Prilary
Purpose
of Test
CONCENTRATIONS Of NACl
(110LARITy)
------------------------------------------------------------------------------------------------------
Re.olded Regina Clay
- 1 Side Exposure
-----------------------------------------
RCt Consolidation * 203 203 4.0
RC2 Consoli dati on • 201 201 4.0
RCa Consolidation * 199 199 4.0
RC4 Consolidation • 200 200 0.5 1.0 4.0 5.0
RCS Consolidation * 49 B03 0.1 0.5 1.0 2.0 4.0 S.O
RC6 Consolidation l 100 806 0.1 O.S 1.0 2.0 4.0 S.O
RC7 Di ffusion 203 203 0.5 1.0 2.0 4.0
ReS Base nov • 202 202 .005 .01 .05 0.1 0.5 1.0 2.0 4.0 5.0
RC9 Base Pressure * 205 20S 011 .01 .OS 0.1 0.5 1.0 2.03.0 4.0 DW
RCI0 Base Pressure l 200 200 4.0
RCDD Consolidation l 207 DW
Intact Regina Clay
- 2 Side Exposure
DBt Consoli dati on
DB2 Consolidation
083 Consoli dation
DB4 Consolidation
DDS Consoli dation
DB6 Consolidation
300 300 4.0
300 1209 0.1 0.5 1.0 2.0 4.0
83 83 4.0
200 200 0.1 0.5 1.0 1.0:4.0: U @ 390 kPa)
758 1229 0.1 0.5 1.0
518 518 4.0 OW
Sand/Bentonite - 1 Side Exposure
SBI Consolidation
SB2 Consolidation
SBl Diffusion
SB4 Base flow
SBS Base Pressure
SB6 Base Pressure
S8nD Consolidation
•
*
l
203
20S
203
202
20S
205
Sand/Bentonite - 2 Side Exposure
saOCl Consolidation
SBOC2 Consolidation
SBOC3 Consolidation
96
201
23.5
203 4.0
803 4.0
203 O.S 1.0 2.0 4.0
202 OW .05 0.1 0.5 1.0 2.0
205 DW .01 .OS 0.1 O.S 1.0 2.0 3.0 4.0 DW
1608 4.0
1603 OW
1715 .05 0.1 0.5 1.0 2.0 4.0
201 .05 4.0 2.0 1.00.50.1 .05 .01 DW
1598 .01 .OS 0.1 O.S 1.0 2.0 4.0
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The sample thicknesses prior to exposure to the NaCI
solutions ranged from approximately 0.5 cm ta 1.7 cm.
Although the samples were extremely thin, the time for
equilibrium for a single
.
increment of concentration was
several days
complete the
approxim,ately
to several weeks. Consequently, the time to
testing program outlined in Table 5.3 was
10 months using two modified oedometer setups
and up to 6 standard oedometer setups.
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CHAPTER 6
PRESENTATION OF DATA
6.1 Introduction
The primary objective of the laboratory study was to
identify the mechanisms producing osmotic volume change in
clay soils, and to quantify these mechanisms in terms of
soil properties. Based on the results of numerical
simulations of osmotic consolidation and osmotically induced
consolidation it was apparent that the mechanisms of osmotic
volume change could be distinguished on the basis of
measurements of deflection, and base flow rate or base
pressure response.
The theoretical framework developed in Chapter 3
defined the process of osmotic volume change and flow in
terms of the following soil properties: compressibility
(mv),osmotic compressibility (m n)' permeability (X h ),
osmotic permeability (Xn), and the coefficient of diffusion,
(D). Each of these properties can be deduced from the
various stages of the testing procedure.
The coefficient of volume change (Le.,
compressibility), at various stress levels can be determined
from the volume change of the sample that takes place
during reconsolidation. The values obtained in this manner
are an average compressibility taken over the applied stress
increment. To obtain the compressibility at the stress level
at which osmotic volume change
the compressibility
was monitored, an
extrapolation of obtained at lower
stress levels will have to be used.
The permeability of each sample tested in the modified
oedometer setup was measured prior to osmotic volume change,
using a constant head permeability test. For three samples,
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the permeability test was repeated after the completion of
osmotic volume change.
A time-deflection curve is obtained for every sample
that undergoes osmotic volume change. If osmotic
consolidation is the dominant mechanism of volume change,
these curves can be used to establish the deflection of the
sample under each increment of osmotic pressure. The osmotic
compressibility can then be calculated as the percent volume
change divided by the osmotic pressure increment to which
the sample has been exposed.
The numerical simulation in Chapter 4 illustrated that
when osmotic flow occurs across the sample, the magnitude of
the flow can be used to calculate an equivalent hydraulic
gradient across the sample. The ratio of the equivalent
hydraulic gradient to the actual osmotic gradient across the
sample is the efficiency of the clay membrane. Efficiency
is defined as the ratio of the osmotic permeability to the
hydraulic permeability.
The coefficient of diffusion can be established from
Fick's first law, which relates the concentration gradient
to the mass flux. Two tests were run in which constant
boundary concentrations were maintained, and the mass flux
across the sample was measured.
Sections 6.2 through 6.6 provide a description of the
measurements made to evaluate each of the material
properties discussed above. Examples of the tests data are
presented accompanied by a discussion of the significant
concerns regarding each data set. The analyses of the test
data, in order to evaluate the properties listed above, are
presented in Chapter 7.
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6.2 Consolidation Tests
Consolidation testing was undertaken on a total of 26
samples. Of these, 20 samples were reconsolidated samples of
slurried material and 6 were intact samples of Regina Clay.
The deflection-time plots obtained during loading were
analyzed using a log-time (i.e., Casagrande) construction,
to obtain the values of deflection at 100% consolidation.
These deflections were corrected for the compressibility of
the apparatus.
Void ratios were calculated, based on the final sample
beight and the final water content of the sample. The water
contents were corrected for the presence of dissolved salts
to obtain the weight of water alone to the weight of mineral
soil solids. This correction was based on estimates of the
final pore fluid concentration as obtained from the pore­
fluid extractions described in section 6.4.
Summary calculations of void ratio, water content,
porosity, and compressibility for each stress increment are­
included in Appendix 0.1. Table 6.1 provides a summary of
the water content, void ratio, porosity and compressibility
for each sample at the load increment prior to the start of
osmotic volume change.
Considerable scatter exists in the values of void ratio
for different samples, at the sample stress level. For the
Regina Clay samples, the void ratio at an applied stress of
200 kPa, varies by as much as 40%. For the sand/bentonite
samples the void ratio varies by as much as 17%. There are
several possible reasons for the variability.
The calculation of the void ratio at any stress level
is obtained by back calculation from the measured sample
height and water content at the completion of osmotic volume
change. Errors in the measurement Qf the final sample
height, or in the final water content or pore fluid
concentrations, WQuld result in significant variations in
the calculated void ratios.
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Likely of more significance is the extremely long times
over which the osmotic volume change process took place.
During these time periods the magnitude of secondary
consolidation that took place is significant. Although
corrections for
into the time
secondary consolidation were incorporated
deflection measurements obtained during
osmotic consolidation, no correction for the magnitude of
secondary consolidation was made in the void ratio data
presented in Table 6.1 and in Appendix 0.1.
Scatter in the values of void ratio may also result
from the variation in initial water contents at which the
samples were slurried. Table 6.2 illustrates the fairly
wide range of initial water contents used during sample
preparation. Although all the samples were to be prepared
at initial water contents equal to the liquid limit plus
10%, variations in the water content of the "air-dried"
material produced a fairly wide range of measured initial
water contents.
Samples RCOO and SBOO were not exposed to brine. Plots
of void ratio versus effective stress for these samples are
presented in Figures 6.1 and 6.2. These curves illustrate
the general form of the consolidation curves for the
reslurried Regina Clay and sand/bentonite mixture. A
constant compression index of 0.67 was obtained for the
Regina Clay over the stress range up to 200 kPa. A distinct
break in the virgin branch of the sand/bentonite mixture
takes place at approximately 200 kPa. The compression index
of the sand/bentonite sample is 0.72 at stresses less than
200 kPa.
Figures 6.3 and 6.4 are a compilation of all the
values of compressibility obtained during the
reconsolidation of the test samples. The curves of
compressibility versus stress for the different materials
show little scatter. The significant decrease in the values
of compressibility of the sand/bentonite mixture at stresses
greater than 200 kPa is readily apparent in Figure 6.4.
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Table 6.1 Sample Consolidation Summary
Sarnpl e Stress Void Water Por os i ty m ....
Ratio Contetlt
(kPa) (r.) (r.) (1/kPa)
------------------------------------------------------------
Regina Clay Samples
RCI 203 1.37 48.9 58 6.91xl0-4
RC2 201 1.54 54.8 61 6.50xl0-4
RC3 1 '3'3 1.32 47.1 57 8.78:-; 10-4
RC4 200 1.52 60.4 54 7.1'3:dO-4
RC5 49 1.85 66.6 65 21. Oxl0-4
RC6 100 1.58 56.4 61 12.7xl0-4
RC7 203 1. 41 50.4 59 7.71xl0-4
RC8 202 1. 13 40.5 53 7.25xl0-4
Re'3 205 1. 16 41.5 54 7.33xl0-4
Rel0 200 1.30 46.5 56 8.16xl0-4
RCDBI 300 .79 28.2 44 1.18xl0-4
RCDB2 300 .8'3 31.'3 47 1. 05xl0-4
RCDB3 83.3 1.00 36.0 50 1.55xl0-4
RCDB4 200 1.05 37.5 51 1.73xl0-4
RCDB5 758 .925 33.0 48 1.30xl0-4
RCDB6 517 .938 33.5 48 1. 34x 10-4
RCDD 207 1. 26 45.2 56 7. '35x 10-4
Sand/Bentc.ni te Samples
SBl 203 1.03 39.0 51 8.96xl0-4
SB2 205 1.07 40.6 52 '3. 34x 10- ....
SB3 203 1. 17 44.6 54 8. l1xl0- ....
SB4 202 o. '34 35.7 48 7.27xl0-4
SB5 205 1.05 39.9 51 8. 43xl0- ....
SB6 205 • 86 32.8 46 8.87xl0-4
SBDO 200 1.09 41.3 52 '3. 22xl0- ....
SBOel '36 1.06 40.2 51 15.7xl0- ....
SBOC2 201 • '31 34.6 48 6. 9'3x 10-4
SBOC3 23.5 1.45 55.2 5'3 41. ax 10-4
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Table 6.2 Initial Slurry Water Contents
Sample Water Content Sample Water Content
RCI N/A SBI 70.3%
RC2 N/A SB2 72.6%
RC3 MIA SB3 76.4%
RC4 88.6% SB4 78.3%
RCS 85.7% SBS 75.3%
RC6 NIA SB6 78.7%
RC7 84.0% SBDD 78.2%
RC8 84.9% SBOCI 78.3%
RC9 83.9% SBOC2 79.0%
RC10 89.8% SBOC3 78.6%
ReDO 87.8%
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6.3 Constant Head Permeability Test
Constant head permeability testing was performed on 17
samples tested in the modified oedometer setups. Three of
these samples were tested for permeability after the
completion of osmotic volume change. The constant head
permeability tests were completed with few difficulties.
Figure 6.5 illustrates a typical set of burette readings
versus time for sample SB2. Similar figures for all the
samples tested are presented in Appendix 0.2. Steady state
flow rates were well defined for all the samples tested.
Table 6.3 summarizes the result� of the permeability
tests. The results appear to be reasonably consistent. The
permeability for the Regina Clay, at a stress of 200 kPa, is
approximately lxlO-10 m/s. The permeability of the
sandlbentonite mixture at the same stress level is
-11
approximately lx10 m/s.
For the Regina Clay samples, RC2 and RCIO, the
measurements showed that little change in permeability
occurred before and after exposure to HaCI solutions. For
the sand bentonite sample, Sa6, the permeability of sample
increased by almost one order of magnitude after exposure to
a 4 H MaCl solution.
6.4 Osmotic Volume Change
In order to initiate osmotic volume change, NaCI
solution was flushed through the loading cap and into the
porous stone or stainless steel screens. At the beginning of
the test, fairly rapid flushing was used in order to ensure
an instantaneous change in the concentration of the solution
at the boundary of the sample. The flushing rate was
reduced after the first few minutes to a rate of several mls
per minute. Flushing was continued over several days until
osmotic volume change of the sample was complete.
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Table 6.3 Summary of Permeability Tests
Sample Stress Gradient KH
(kPa) (m/s)
------ ------ ------- -----
RC1 203 181 7.16X10=g
360 7.72:10
544 8. 20x10-11
RC2 201 195 7. 98x10 -g pre-osmotlc
195 7. 59x10
-
post-osmotlc
RC3 199 85 13.46x10-1
RC4 200 103 11.20%10-11
RCS 49 122 93. Ox10-11
RC6 100 129 39. 5x10-11
RC7 203 111 11. 2:10-11
341 11. 8x10-11
512 12. Ox10-11
RC8 202 189 8.9%10
-11
RC9 205 150 7. 2x10-11
RC10 200 130 10.3x10-11pre-osmotic
130 10.3%10
-11
post-osmotlc
SB1 203 163 1. 38x10-11
489 1. 12x10-11
SB2 205 130 1.24X10-ii
259
0.93%10-11
388
0.95x10-11
SB3 203 328 1.
33x10=11
SB4 202 310 1. 58x10
-11
SB5 205 311 0.41%10
-11
SB6 205 163 2.07x10_11pre-osmotic
171 14.%10 post-osmotlc
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In general, the osmotic volume change that occurred was
fairly small and took place over extremely long lengths of
time. Consequently, the measured deflections of the sample
had to be corrected for secondary consolidation. Figure 6.6
compares the magnitude and rate of osmotic volume change
relative to that produced by loading the sample from 100 to
200 kPa. The correction for secondary consolidation is
illustrated in Figure 6.6. All of the osmotic deflection
curves were corrected for secondary consolidation. A
complete set of the corrected osmotic time-deflection curves
are presented in Appendix 0.3.
Plots of verticle strain versus time are presented in
Figures 6.7 through 6.9, for slurried and intact samples of
Regina Clay, and for the sand/bentonite mixture. These
samples were exposed to 4.0 H NaCI solutions. These figures
illustrate the fairly good reproducibility of osmotic volume
change measurements obtained during' testing. A porous stone
on top of the sample was used for samples RCI and RC2
(Figure 6.7). The deflection curves for these two samples
are shifted to the right relative to the curves for Sample
RC3 and RCIO. It is likely that the porous stone prevented
complete flushing of the top of the sample at the initiation
of osmotic volume change. In addition, as pore fluid was
expelled from the sample, the pore fluid in the porous stone
was somewhat diluted. Due to these effects, it is unlikely
that the full solution strength was maintained across the
top of these samples at all times.
The deflection curves for the sand/bentonite samples
all have similar shapes. It is not known why sample SBG
exhibited a lower deflection than the other two samples. The
time to 100% osmotic volume change was of the same order of
magnitude as the time to effective stress consolidation, for
the 100 to 200 kPa applied stress increment.
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Equalization of pore fluid concentrations at the end of
testing was demonstrated by measurement of the dissolved
salt contents of several samples. Table 6.4 presents the
final pore fluid concentrations of several of the tests.
Samples of the pore fluids were obtained by squeezing the
sample in a hydraulic press. The final pore fluid
concentration of sample RC2 is anomalous, and is likely due
to errors in the gravimetric determination of the dissolved
salt content. Overall, the samples demonstrate nearly
complete equalization of pore fluid concentrations.
Somewhat smaller concentrations near the base of the sample
(i.e., sample RC3) are likely the result of steady upward
osmotic flows through the sample.
Table 6.4 Final Pore Fluid Concentrations
Sample Concentration (M)
------ -----------------
RCl top 3.3 3.08 2.9 3.63 bottom
RC2 0.83
RC3 top 3.88 3.72 3.38 3.26 bottom
RC4 3.91
SBI 3.56
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6.5 Flow and Pressure Responses at the Sample Base
Measurement of base flow rates where obtained for all
samples except those used for diffusion testing (i.e.,
RC7,SB3) and the tests in which base pressures were
monitored (i.e., RC9, RC10, SB5, SB6). Both base flow rates
and the base pressure responses during osmotic volume change
are used to evaluate the osmotic efficiency of the clay
samples.
6.5.1 Base Flows
Measurements of flow through the base
during osmotic volume change were made in
of the sample
all but four
samples. In general, steady flow readings were obtained for
all values of concentration. Figures of cumulative base
flow versus elapsed time are presented in Appendix D.4.
Plots of cumulative base flow normalized with respect
to initial sample thickness, versus elapsed time normalized
with respect to initial sample thickness squared, for
several Regina Clay and sand/bentonite samples are presented
in Figures 6.10 and 6.11. The results appear to be quite
reproducible. In the case of the Regina Clay samples, small
flows into the sample begin at normalized times of less than
100 min/cm2 and then build to nearly steady rates. For the
sand/bentonite samples the early flows are out of the
sample. These flows reverse, after a normalized time of
approximately 800 min/cm2, and again build to steady flow
rates. These times are roughly equivalent to the time to
100% consolidation for the samples under the 100 to 200 kPa
applied stress increment.
The steady upward flow through the sample is a result
of a steady state condition in which the diffusive flux of
salt to concentration gradients 1s opposed by the advective
flux of salt due to osmotic flows in response to
concentration gradients. The concentration profile for
sample RC3 (Table 6.5) would support this ponclusion.
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6.5.2 Base Pressure Response
The observation that steady osmotic flows developed
within the samples during osmotic volume change gave reason
to believe that significant pressure responses at the base
of the sample could be measured when these flows were
prevented. Base pressure responses with changing solution
concentrations were measured in samples RC9 and SB5. The
results of these tests are presented in Appendix D.S.
Two particular concerns regarding the accuracy of these
measurements arose during testing. The first concern
pertained to whether a significant time lag existed between
the generation of base pressures in the sample and the
measurement of these pressures with the transducers.
Measurements of pressure response demonstrate a slow buildup
of pressure with time, followed by decay. Without the
countervailing osmotic flows, equalization of concentrations
across the entire sample was taking place. Consequently,
only brief peaks in osmotic pressure at the base of sample
were measured.
A second concern was the influence of temperature
variations in the laboratory on the pressure measurements.
During the period of time in which the tests for Re9 and SB5
were underway,
airconditioning
there were dlfficulties encountered with the
system in
.
the building. Temperature
variations in excess of 5 to 10°C occurred within 48 hour
periods. An attempt was made to buffer these temperature
variations by enclosing the test apparatus in insulated
tarpaulins.
Samples RCIO and SB6 were exposed to a single solution
concentrations of 4 H. The pressure response and air
temperature diagrams for these tests are illustrated in
Figures 6.12 and 6.13.
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Somewhat erratic changes in pressure occurred for the
Regina Clay sample, ReIO. These changes occur at the same
time that rapid changes in the air temperature within the
testing enclosure occur. Even though the temperature
variation was less than 2°C, the rapid changes in
temperature had a significant effect on pressure
measurements. Due to the much stronger, positive, pressure
response measured for the sand/bentonite sample the effect
of temperature variations is not nearly as significant.
Expansion or contraction of the apparatus and
connecting tubing occurs as a result of changes in
temperature. This volume change in turn results in a change
in pressure within the measuring system until sufficient
flow from the sample occurs to reinstate the sample
pressures.
Figure 6.12 illustrates that rapid increases in
temperature correspond to drops in pressure. Similarly,
rapid decreases in temperature result in increases in
pressure. For most of these changes, 500 to 800 minutes of
elapsed time are required to return the pressure to the
trends observed prior to the change in temperature.
An indication of the response time of the pressure
measurement system was obtained for sample RClO and SB6 by
measuring the pressure response at the base of the sample
during loading of the sample. The base pressure response
for these samples, under the 100 to 200 kPa applied stress
increment, is presented in Figures 6.14 and 6.15.
The maximum pore pressure measured at the base of the
samples was only 50% to 60% of the theoretical maximum
induced pressure of 100 kPa. These peak pressures were
reached in 20 minutes for the Regina Clay sample, and 100
minutes for the sand/bentonite
strong flows produced during
sample. Even under the
this loading increment, a
significant time lag seems to occur. No attempt was made to
establish the time lag under boundary conditions similar to
those that occur during osmotic volume change.
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6.6 Diffusion Tests
The salt flux through samples RC7 and SB3 was measured
in order to establish the coefficient of diffusion for the
Regina Clay and sand/bentonite soils. Figures 6.16 and 6.17
illustrate a typical set of results for Regina Clay. The
complete set of results are presented in Appendix 0.6. Well
defined curves of increasing salt flux with time were
obtained in most of the tests. The measured base
concentrations and sampling details are also provided in
Appendix 0.6.
Calculations of the salt flux were made by averaging
the concentration of the underflow over sampling intervals.
The concentrations were obtained from measurements of
conductivity as well as by gravimetric determination of the
dissolved salt content of selected samples. The two types
of measurements provided somewhat different values for the
base concentration, however, both methods provided
consistent values for the salt flux.
One difficulty encountered in these tests was in
controlling the underflow rate so that the base
concentrations were always less than 1% of the concentration
of solution at the surface of the sample. This test method
could be improved by continuously monitoring the
conductivity of the base underflow using a flow-through
conductivity cell. Continuous monitoring of the underflow
concentrations would allow gradual adjustments to the flow
rate to be made in order to maintain a constant base
concentration.
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One other area of uncertainty in these tests was in the
influence that osmotic flows might have on the rate of salt
flux through the sample. Simultaneous measurements of
osmotic flow and salt flux through the base of the sample
could not be made. Calculations of the reduction of
diffusive salt flux that may occur as a result of upward
osmotic flows were made, based on previous measurements of
osmotic flow rates. These calculations indicated that the
measured salt flux may up to 10% less than that which occurs
in the absence of osmotic flow.
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CHAPTER 7
DATA ANALYSES AND DISCUSSION
7.1 Introduction
The principal objective of this research program has
been to identify, describe, and quantify the processes of
osmotic flow and volume change through clay soils. Two basic
mechanisms of osmotic volume change vere identified. These
vere termed osmotically induced consolidation and osmotic
consolidation�
A theoretical description of these processes was
developed in Chapter 3. A numerical simulation of the
processes of osmotic and osmotically induced consolidation
vas presented in Chapter 4. Observable contrasts in the
behavior of a clay sample under the influence of these two
processes were noted. Observations of volume change, and of
base flow or fluid pressure-response of clay samples exposed
to HaCl solutions were described in Chapter 6.
In this chapter, the observations presented in Chapter
6 will be interpreted in light of the descriptions provided
by the literature review, the theoretical framework, and the
numerical simulation. The objective of this interpretation
is to evaluate:
1. The dominant mechanism of osmotic volume change for
the two clay solIs investigated,
2. The material properties of Kn' mn and D which are
used to characterize these processes,
3. The capability of the theoretical description, aided
by numerical simulation, to predict the osmotic flow
and volume change proc�sses observed during
laboratory testing, and,
4. The role of osmotic pressure as a stress state
variable.
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7.2 Osmotic Permeability / Membrane Efficiency
The flow rates that occurred across
clay samples during testing were described
the base of the
in Chapter 6.
Table 7.1 provides a summary of these flow rates as measured
from the figures contained in Appendix 0.4. Leakage testing
of the test apparatus prior to each test indicated either
zero leakage, or in a few cases, less than 4.3 x cm /min
occurred. This is a small percentage of the flow rates
listed in Table 7.1.
The negative sign for several of the flow rates
indicates that flow was out of the base of the sample. Flow
rates out of the samples occurred when the concentration of
the solution at the top of the sample was less than that of
the initial pore fluid. The initial pore fluid concentration
in the samples at a stress level of 200 kPa can be
calculated based on the chemical analysis of the saturation
extract of air- dried sand/bentonite and Regina Clay
presented in Table 5.2.
For the sand bentonite samples, the initial pore fluid
concentration is approximately 0.008 M. The initial pore
fluid concentration for the Regina Clay samples is
approximately 0.05 M.
The equivalent hydraulic head that would be required to
develop the measured flow rates
calculated using the permeability
across the sample, was
and the height of each
sample. These equivalent pressure heads are listed in Table
7.1. Figures 7.1 and 7.2 illustrate the values of equivalent
head as a function of pore fluid concentration. For several
samples, direct measurements were made of the pressure at
the base of the sample. These direct pressure measurements
are included in Figures 7.1 and 7.2.
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Table 7.1 Summary of Equivalent Pressure Heads
Sample Stress Permeabil i ty Solution Height Base Flow Equivalent Head
Concentration
(kPa) (cm/s) (M) (cm) (cc/min) (cm) (kPa)
---------------------------------------------------------------------------
RCI 200 7.70E-09 4 1. 37 7.00E-04 65.54 6.55
RC2 200 8.04E-09 4 1. 07 6.50E-04 45.52 4.55
RC3 200 1. 35E-08 4 2.3 4.38E-04 39.27 3.93
RC4 200 1. OSE-OS 0.5 0.4S 2.03E-04 4.8S 0.49
1. OSE-08 1 0.4S 5. 37E-OS 1. 29 0.13
1. 05E-08 4 0.48 1.SSE-03 37.29 3.73
1. OSE-OS 5 0.48 2.03E-03 4S.84 4.88
RC5 50 9.30E-08 0.1 0.79 6 .10E-0 3 27.27 2.73
9.30E-08 0.5 0.79 2.15E-04 0.96 0.10
9.30E-08 1 0.79 6.03E-04 2.70 0.27
9.30E-08 2 0.79 O.OOE+OO 0.00 0.00
9.30E-08 4 0.79 1.63E-03 7.29 0.73
9.30E-08 S 0.79 2.l0E-03 9.39 0.94
RC6 100 3.90E-08 0.1 0.75 2.S7E-04 2.60 0.26
3.90E-OS 0.5 0.75 1. 90E-04 1. 92 0.19
3.90E-08 1 0.75 O.OOE+OO 0.00 0.00
3.90E-OS 2 0.75 1.16E-04 1.17 0.12
3.90E-08 4 0.7S 1. 23E-03 12.45 1. 24
3.90E-OS 5 0.75 1. 60E-03 16.19 1. 62
RC8 200 8.00E-09 0.005 1. 05 -1. 02E-04 -7.05 -0.70
8.00E-09 0.01 1. 05 -S.46E-05 -5.84 -0.58
8.00E-09 0.05 1. 05 1. 53E-04 10.57 1. 06
8.00E-09 0.1 1. 05 2.07E-04 14.30 1. 43
8.00E-09 0.5 1. 05 2.55E-04 17.61 1. 76
8.00E-09 1 1. 05 O,OOE+OO 0,00 0.00
8.00E-09 2 1.05 2.99E-04 20.65 2.07
8.00E-09 4 1. 05 9.58E-04 66.17 6.62
SB1 200 1.25E-09 4 1. 2S 5.20E-04 273.66 27.37
SB1 200 1. 04E-09 4 1. 57 O.OOE+OO 0.00 0.00
SB4 200 1. 58E-09 0 1. 28 -4.03E-04 -171.81 -17.18
1. 58E-09 0.05 1. 28 5.60E-04 238.75 23.87
1.58E-09 0.1 1. 28 3.53E-04 150.50 15.05
1. 58E-09 0.5 1. 28 O.OOE+OO 0.00 0.00
1. 58E-09 1 1. 28 O.OOE+OO 0.00 0.00
1. S8E-09 2 1. 28 O.OOE+OO 0.00 0.00
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Figure 7.2 Osmotic Pressure Heads for Sand/bentonite
Fairly low pressures are developed within the samples
due to osmotic gradients. In general, most samples
experienced less than a 10 kPa change in the pore fluid
pressure. Similar trends of equivalent head with
concentration are observed in Figures 7.1 and 7.2, for both
the sand/bentonite and the Regina Clay samples. A peak
osmotic pressure occurs at a concentration of 0.1 H.
Extremely low values of osmotic pressure are developed at a
concentration of approximately 1.0 M. This observation is
consistent with the description of peak osmotic pressures
described by Kemper and Rollins (1966) (Figure 2.6).
Fairly good agreement between the calculated pressure
heads, and those.obtained by direct measurement is also
apparent. Approximately 3S to 4S cm of pressure head were
measured using the transducers. The one exception to the
agreement obtained by indirect and direct evaluation of
pressure head is Sample SB1. The calculated pressure head
was approximately 270 cm. The large increase in hydraulic
conductivity that occurred in the sand bentonite samples,
after exposure to the NaCl solutions, was noted in Chapter
6. The equivalent head, calculated using the higher post­
osmotic permeability of the sample, would be 38 cm. This
value is in agreement with the heads measured with the
pressure transducers.
The lower pressure heads for Samples RCS and RC6 are
likely due to the lower stress level to which these samples
were consolidated. The base flow rates measured in these
samples were similar to those measured at higher stress
levels, however, the permeability of samples RCS and RCG was
significantly higher.
Osmotic Efficiency
The osmotic efficiencies of the clays can be calculated
as the ratio of the equivalent hydraulic head, to the
osmotic bead across the sample. Table 7.2 presents a summary
of the osmotic efficiencies for the clays.
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Table 7.2 Summary of Calculated Osmotic Efficiency
Sample Molarity Flow Equiv. Osmotic
or Head Efficiency
Pressure (CM)
Measurement
--------------------------------------------------
RCI 4 flow 65.54333 3.33E-04
RC2 4 flow 45.52414 2.31E-04
RC3 4 flow 39.27072 1.99E-04
RC4 0.5 flow 4.883696 2.18E-04
1 flow 1.291894 5.18E-05
4 flow 37.2893 2.49E-04
5 flow 48.83696 9.79E-04
RCS 0.1 flow 27.26934 1.09E-02
0.5 flow 0.961132 4.82E-05
1 flow 2.695641 1. 08E-04
2 flow O.OOE+OO
4 flow 7.286725 7.30E-OS
5 flow 9.387806 1.88E-04
RC6 0.1 flow 2.60094 1. 04E-03
0.5 flow 1.922874 9.64E-OS
1 flow O.OOE+OO
2 flow 1.173965 2.35E-05
4 flow 12.44808 1.25E-04
5 flow 16.19262 3.2SE-04
RC8 0.005 flow -7.04531 3.14E-03
0.01 flow -5.84346 2.34E-02
0.05 flow 10.56796 S.30E-03
0.1 flow 14.29783 5.73E-03
0.5 flow 17.61327 8.83E-04
1 flow 0 O.OOE+OO
2 flow 20.65243 4.14E-04
4 flow 66.17066 6.63E-04
RC9 0.01 pressure 8 4.01E-03
0.05 pressure 21 1.05E-02
0.1 pressure 16 6.41E-03
0.2 pressure 24 4.8lE-03
0.5 pressure 31 2.07E-03
1 pressure 21 8.42E-04
2 pressure 26 5.21E-04
3 pressure 43 8.62E-04
4 pressure 61 1.22E-03
RCI0 4 pressure 62 3.15E-04
SB1 4 flow 273.6554 1.37E-03
SB4
�----.- -
0 flow -171.814 4.31E-01
0.05 flow 238.749 9.57E-02
0.1 flow 150.4971 6.03E-02
0.5 flow 0 O.OOE+OO
1 flow 0 O.OOE+OO
2 flow 0 O.OOE+OO
SBS
D.W. 0.02 pressure -228 3.81E-01
.0.01 pressure -31 6.21E-02
0.05 pressure 78 3.91E-02
0.1 pressure 77 3.09E-02
0.5 pressure 3 1.50E-04
1 pressure O.OOE+OO
2 pressure 17 3.41E-04
3 pressure 28 5.61E-04
4 pressure 31 6.21E-04
SB6 .4 pressure 45 2.26E-04
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The osmotic head was calculated from the concentration
difference across the sample, using the van't Hoff
approximation of osmotic pressure. Efficiencies were taken
as positive in all cases, even though the actual flow rate
may have been out of the sample rather than into the sample.
The efficiencies for the sand/bentonite and Regina Clay
samples are illustrated in Figures 7.3 and 7.4. In spite of
a considerable amount of scatter, some significant trends
can be observed. Fairly high efficiencies are obtained at
low solution concentrations and low efficiencies at high
solution concentrations. This is consistent with the
results described by Kemper and Rollins(1966) (Figure 2.5).
The higher efficiencies at concentrations of 4 to 5 H, may
be due in part to an under-estimate of the osmotic pressures
using the van't Hoff approximation.
The transparent overlays for Figures 7.3 and 7.4
illustrate theoretical osmotic efficiencies based on the
work of Bresler (1973) (Figure 2.7). An estimate of the
interparticle spacing is required in order to calculate
these efficiencies. The interparticle spacings were
calculated using estimates of specific surface and the
equation for the interparticle spacing between packets of
particles given by Shainberg et al (1971) (Equation 2.13).
Table 7.3 presents the interparticle half spacings for
Regina Clay and sand/bentonite calculated from typical
values of void ratio, specific gravity, and specific
surface. The specific surface of the sand bentonite mixture
was taken as 20% of the specific surface of 570 m2/gm for
the bentonite alone.
Altering the estimate of the specific surface of the
clays shifts the theoretical curves in Figures 7.3 and 7.4
to the left or right. It is of interest that in the case of
the sand/bentonite samples, the efficiency follows along a
curve of constant N, where N is the number of particles per
packet.
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Table 7.3 Calculation of Particle Half Spacing
Regina Clay Sand Bentonite
Void Ratio =
Gs =
Spec. Surface =
(sq. m/gm)
1.2
2.74
53
Particles
/domain half spacing
(N) (b)
1
2
3
4
5
6
7
82.6
135.1
187.6
240.1
292.5
345.0
397.5
Void Ratio =
Gs =
Spec. Surface =
(sq. m/gm)
0�9
2.63
115
Particles
/domain half spacing
(N) (b)
1
2
3
4
5
6
7
189
29.8
48.2
66.6
85.1
103.5
122.0
140.4
In the case of Regina Clay, the efficiencies cross over
the theoretical curves from values of N equal to 4 or more
at low concentrations to a value of 1 at higher
concentrations. This observation is consistent with the
fact that Regina Clay is predominately a Ca++
Montmorillonite. Consequently, the clay would be expected to
form packets of clay particles during sedimentation.
However, as the pore fluid becomes concentrated these
packets would begin to disperse, resulting in fewer
particles per packet.
7.3 Osmotic Compressibility
The equivalent stress change that occurs during osmotic
volume change of the Regina Clay and sand/bentonite samples
is illustrated in the curves of void ratio versus applied
stress presented in Figures 7.5 through 7.8. The changes in
void ratio that occur during contamination are equivalent to
those which would occur under effective stress changes of
100 kPa or more. It is obvious that the pressure changes
due to osmotic flow, which were generally less than 6 kPa,
could not account for these changes in volume. The dominant
mechanism for volume change in these soils must be osmotic
consolidation.
It has been the view of a number of researchers that
the net repulsive minus attractive stress is simply a
component of the "true" effective stress of the soil. If
this case, the change in void ratio that occurs in Figure
7.5 through 7.8 could be taken as representative of the
release of the net (R-A) stress between the clay particles.
This net (R-A) stress can be evaluated as the difference in
stress from the void ratio at the completion of osmotic
consolidation, to the stress level along the virgin branch
at the the same void ratio.
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The dashed lines in Figures 7.6 through 7.8 represent
the reconstruction of the virgin branch of the soil by
correcting subsequent applied stress increments by the
equivalent change in (R-A). The shape of the corrected
curves are in good agreement with the general shape of the
virgin branch illustrated in Figure 6.2.
The material appears to behave in accordance with a
change in a single value of -true" effective stress during
osmotic consolidation. It does not matter whether changes
in this stress results from changes in total stress, pore
pressure, or in this case, (R-A).
The construction described above, does not seem to
apply to the Regina Clay curves. The reason for this may be
the fact that the Regina Clay begins to behave as a new
material following osmotic consolidation. The steepening of
the virgin branch after osmotic consolidation is quite
pronounced in both curves shown in Figure 7.5, and is not in
agreement with the general shape of the virgin branch
depicted in Figure 6.1. The increase in the compressibility
of Regina Clay is consistent with a change in structure that
would result from the dispersion of the clay packets.
Figure 2.22 in Chapter 2 illustrates the decrease in
compressibility that occurs as a clay moves from a fully
dispersed structure (N=l) to one composed of packets. The
destruction of clay packets in the presence of a strong NaCI
solution, would account for the increased compressibility of
the samples after osmotic consolidation.
Evaluation of Osmotic Compressibility
Table 7.4 provides a summary of the strain due to
osmotic consolidation for each sample. The deflections were
obtained from the 100 percent consolidation deflections off
the osmotic consolidation curves in Appendix 0.3. Figures
7- .. 9, 7.10 and 7.11 present the values of strain as a
function of pore fluid concentration for the Regina Clay,
sand/bentonite, and intact Regina Clay samples.
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Table 7.4a Summary of Osmotic Compressibility
Regina Clay Samples
Sample Stress Cone. Initial Defl. te Strain mIT
Height
(kPa) (M) (em) (em) (l/kPa)
---------------------------------------------------------------
RC1 200 4 1. 37 0.0285 2.08 1. 04E-06
RC2 200 4 1.07 0.0237 2.21 1.l1E-06
RC3 200 4 2.3 0.0459 2.00 1. 00E-06
RC4 200 0.5 0.48 0.001 0.21 8.35E-07
1 0.48 0.0021 0.44 8.77E-07
4 0.48 0.0105 2.19 1.10E-06
5 0.48 0.0123 2.56 1. 03E-06
RC5 50 0.1 0.79 0 0.00 O.OOE+OO
0.5 0.79 0.0008 0.10 4.06E-07
1 0.79 0.0027 0.34 6.85E-07
2 0.79 0.0063 0.80 7.99E-07
4 0.79 0.0152 1. 92 9.64E-07
5 0.79 0.0159 2.01 8.07E-07
RC6 100 0.1 0.75 0.0003 0.04 8.02E-07
0.5 0.75 0.0009 0.12 4.81E-07
1 0.75 0.0017 0.23 4.54E-07
2 0.75 0.0065 0.87 8.69E-07
4 0.75 0.0141 1. 88 9.42E-07
5 0.75 0.0151 2.01 8.07E-07
RC7 200 0.25 0.58 0 0.00 O.OOE+OO
0.5 0.58 0.0008 0.14 5.53E-07
1 0.58 0.0018 0.31 6.22E-07
2 0.58 0.005 0.86 8.64E-07
RC8 200 0.005 1.05 0.00 O.OOE+OO
0.01 LOS 0.00 O.OOE+OO
0.05 1. 05 0.00 O.OOE+OO
0.1 1.05 0.00 O.OOE+OO
0.5 1. 05 0.00 O.OOE+OO
1 1. 05 0.0019 0.18 3.63E-07
2 1. OS 0.0031 0.30 2.96E-07
4 1.05 0.022 2.10 1. OSE-06
RC9 200 0.01 0.637 0.00 O.OOE+OO
0.05 0.637 0.00 O.OOE+OO
0.1 0.637 0.00 O.OOE+OO
0.2 0.637 0.00 O.OOE+OO
0.5 0.637 0.00 O.OOE+OO
1 0.637 0.00 O.OOE+OO
2 0.637 0.0065 1. 02 1.02E-06
3 0.637 0.0101 1. 59 1.06E-06
4 0.637 0.0135 2.12 1.06E-06
RC10 200 4 1.3 0.031 2.38 1. 20E-06
DB1 300 4 1. 424 0.0288 2.02 1.01E-06
DB2 300 0.1 1. 6793 0.00108 0.06 1.29E-06
0.5 1. 6793 0.00268 0.16 6.40E-07
1 1.6793 0.0117 0.70 1. 40E-06
2 1. 6793 0.0279 1. 66 1. 67E-06
4 1. 6793 0.0318 1. 89 9.49E-07
DB3 83 4 1. 3367 0.0178 1. 33 6.67E-07
DB4 200 0.1 1.4207 0.00 O.OOE+OO
0.5 1. 4207 0.00281 0.20 7.93E-07
1 1. 4207 0.01 0.70 1. 4lE-06
DB5 758 0.1 1.4011 0.00204 0.15 2.92E-06
0.5 1. 4011 0.0202 1. 44 5.78E-06
1 1. 4011 0.022 1. 57 3.15E-06
DB6 517 4 1. 3204 0.0328 2.48 1. 24E-06
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Table 7.4b Summary of Osmotic Compressibility
- Sand/bentonite Samples
Sample Stress Cone. Initial Defl. , Strain m
Height
11
(kPa) (H) (em) (em) (l/kPa)
---------------------------------------------------------------
SB1 200 4 1. 25 0.085 6.80 3.4111:-06
SB2 200 4 1.57 0.098 6.24 3.13£-06
SBl 200 0.5 0.61 0.025 4.10 1.6411:-05
1 0.61 0.029 4.75 9.53E-06
2 0.61 0.0345 5.66 5.67E-06
4 0.61 0.039 6.39 3.20E-06
SB4 200 0.05 1. 28 0.0011 0.09 3.4511:-06
0.1 1. 28 0.0018 0.14 2.82E-06
0.5 1. 28 0.0304 2.38 9.5211:-06
1 1. 28 0.0355 2.77 5.56E-06
2 1. 28 0.0472 3.69 3.70£-06
SB5 200. 0.01 0.63 0.0019 0.30 6.05E-05
0.05 0.63 0.009 1. 43 5.73£-05
0.1 0.63 0.0158 2.51 5.03E-05
0.5 0.63 0.035 5.56 2.23E-05
1 0.63 0.0434 6.89 1. 38E-05
2 0.63 0.04508 7.16 7.17E-06
3 0.63 0.04815 7.64 5. 11E-06
4 0.63 0.0488 7.75 3.88E-06
SB6 200 4 1.2354 0.06 4.86 2.43£-06
SaDC1 96 0.05 1.3547 0.037 2.73 1. 10E-04
0.1 1.3547 0.0524 3.87 7.75£-05
0.5 1.3547 0.0706 5.21 2.09E-05
1 1. 3547 0.0875 6.46 1.29£-05
2 1. 3547 0.0917 6.77 6.78E-06
4 1. 3547 0.0922 6.81 3.41E-06
SaDC2 201 0.05 1. 26 0.0266 2.11 8.4611:-05
4 1. 26 0.0658 5.22 2.62E-06
SaDC3 23.5 0.01 1. 61 0.0101 0.63 1. 26E-04
0.05 1. 61 0.04137 2.57 1.03E-04
0.1 1. 61 0.0642 3.99 7.99E-05
0.5 1. 61 0.OB73 5.42 2.17E-05
1 1. 61 0.123 7.64 1. 5311:-05
2 1. 61 0.129B 8.06 8.0BE-06
4 1. 61 0.135 8.39 4.20E-06
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Figure 7.11 Osmotic Volumetric Strain versus Concentration
for Intact Regina Clay Samples
The general shape of the curve for the sand/bentonite
samples is consistent with double layer theory, in that the
majority of the strain due to osmotic consolidation occurs
at fairly low concentrations. Double layer calculations
would indicate however, that full suppression of the diffuse
double layer would occur at concentrations well below 1 M.
The nearly linear relationship between strain and
concentration for the Regina Clay samples is obviously not
consistent with the suppression of the diffuse double layers
about individual clay platelets. Figure 7.10, bas a similar
shape to the curves presented in Figures 3.9 and 3.11 for Na
montmorillonite and Na illite. Figure 7.9 has a similar
shape to curves for Ca montmorillonite and Ca illite
presented in Figures 3.10 and 3.12. Figures 3.9 through
3.12 were derived from the work of Aylmore and Quirk (1962)
on the
Quirk
swelling of
attributed
Ca and Na montmorillonite. Aylmore and
the anomalous behavior of the Ca
montmorillonite to the presence of clay packets.
The results for the intact Regina Clay samples are more
scattered. The magnitude of the osmotic strains, however,
are very similar to those observed for the reslurried Regina
Clay samples.
The slope of the curves 1n Figures 7.9 through 7.11 may
be used to evaluate the osmotic compressibility. Figure
7.12 provides a summary of the values of osmotic
compressibility for all of the test samples. The nonlinear
nature of osmotic compressibility for the sand/bentonite
samples is evident in this figure. The value of osmotic
compressibility for the Regina Clay samples 1s nearly
constant.
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7.4 Coefficient of Diffusion
The coefficient of diffusion for the clays
salt
was
determined by measurement of
through two clay samples.
mass flux rate as follows:
the steady state flu:
Flck's first law describes this
q
= n D ac/ax
rn
[7.1]
where;
qrn
n
D
C
x
= mass flux
= porosity
= coefficient of diffusion
= concentration of salt
= distance
Table 7.5 provides a summary of the coefficients
calculated for samples RC7 and SB3. The coefficients of
diffusion for both the Regina Clay and sand/bentonite
samples are approximately 4 x 106 cm2/s. The concentration
of the pore fluid seems to have little influence on the
diffusion coefficient. Robinson and Stokes (1968) indicate
that the coefficient of diffusion of NaCI in free water only
varies from 1.61 to 1.474 x 10-5 cm2/s over a 6 M range in
concentration.
Table 7.6 provides a summary of coefficients of
diffusion for porous media from the literature. Gillham et
al (1984) obtained a value of 8 x 10-6 cm2/s for mixtures of
20% bentonite and 80% sand, similar to the mixture used in
this study.
The numerical simulation of Chapter 4 indicated that if
the flows produced by osmotic effects were not particularly
strong, the coefficient of diffusion could be estimated from
the time to 50 percent osmotic consolidation. The value of
t50 can be obtained from the osmotic consolidation curves in
Appendix 0.3. Figure 7.13 illustrates the coefficients of
diffusion for Regina Clay obtained using this approach.
Only the 4.0 H increments of osmotic consolidation were
used.
Table 1.5 Summary of Diffusion Test Results
Sample Concentration Sample Porosity Mass Flux 0
Top Base Height (Append D)
(M) (gil ) (cm) (g/min) (cmA2/s)
-----------------------------------------------------------------------
RC7
by conductivy 1. 00 0.91 0.582 0.58 4.59E-04 4.21E-06
method 2.00 0.81 0.58 0.58 7.9lE-04 3.58E-06
4.00 0.74 0.578 0.58 1. 73E-03 3.89E-06
----------
avg. o
= 3.89E-06
by gravimetric 1. 00 0.94 0.582 0.58 4.11E-04 3.77E-06
method 2.00 0.73 0.58 0.58 6.57E-04 2.97E-06
4.00 0.58 0.578 0.58 1. 35E-03 3.03E-06
----------
avg. o
= 3.26E-06
SB3
by conductivy 1. 00 0.674 0.54 0.48 4.25E-04 4.35E-06
method 2.00 0.60 0.54 0.48 8.39E-04 4.27E-06
4.00 0.75 0.53 0.48 1.67E-03 4.16E-06
----------
avg. o
= 4.26E-06
by gravimetric 0.50 1.14 0.55 0.48 2.02E-04 4.33E-06
method 1. 00 0.91 0.54 0.48 3.21E-04 3.30E-06
2.00 1. 00 0.54 0.48 7.44E-04 3.80E-06
4.00 1. 81 0.53 0.48 1.29E-03 3.24E-06
----------
avg. o
= 3.67E-06
Sample Method Average 0
---------------------------
RC7 condo 3.89E-06 RC7
RC7 grav. 3.26E-06 avg. 0
= 3.58E-06
SB3 condo 4.26E-06 SB3
SB3 grav. 3.67E-06 avg. 0
= 3.96E-06
---------
avg. o
= 3.77E-06
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Table 7.6 Coefficients of Molecular Diffusion
(after Barbour)
Reference Contaminant Soil Type
2
Source Dd(cm Is)
de Josselin de Lab Test Saline .08 mm dia 7 x 10-5
Jong 1958 Solution
Simpson 1962 Lab Test Indigo Porous Block 6 x 10-5
Carmine Dye
Ogata 1964 Lab Test Radioactive Uniform Sand 8 x 10-6
Phosphorous
Manheim 1970 Lab Test Monovalent Fine Sands 2 x 10-6
reported in and Trivalen t , to 6 x 10-6
literature
Manheim 1970 Monovalent Free Solution 1.5 x 10-5
Lerman and Case Sr-90 Lake Sediment 2 x 10-6
Tangiguchi 1972 history (clay & sand) to 6 x 10-6
Goodall and Case Ca+, Mg+, k+ Silty Clay 2.2-13x10-7
Quigley 1977 history and alkali
Literature chlorides 2.2-13xlO-7
Freeze and Literature
-7
1 x 10_6 to
Cherry 1979 1 x 10
(2 x 10-5)
Lee et aL Assumption Saline Fine Sand 7.3 x 10-6
1980 Solution
Gillham et aL Lab test 36CL Bentonite 8-10xlO-6
1984 Sand Mixture
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Figure 7.13 Coefficients of Diffusion Estimated from
Osmotic Time-Deflection Curves
The coefficients of diffusion obtained using the
indirect approach are in reasonable agreement with those
obtained using the direct approach. It would appear that
the intact Regina Clay samples have somewhat lower values
for the coefficient of diffusion. This may be a result of
the lower void ratios for these samples and the fact that
these samples may not be completely saturated.
7.5 General Characterization of Osmotic Flow
and Volume Change by Numerical Simulation
7.5.1 Objective
One of the objectives of this research pr09ram was to
develop a complete description of osmotic flow and volume
change. The individual soil properties required to describe
this volume change have been evaluated in Section 7.2
through 7.4. It is of interest to see how well a numerical
simulation of the response of these clays to osmotic flow
and volume change agrees with the observed response. Only a
general representation of the properties of each clay, based
on average properties, will be used in the simulation.
Consequently, only the general nature of the observed
response may be used for comparison. In evaluating the
usefulness of the predictive approach outlined in this
study, the broader comparison should prove more significant
than evaluation of the responses observed for anyone
particular test.
Four example simulations are presented. The response
of a typical sand/bentonite sample and a Regina Clay sample
will be simulated for two different sets of boundary
conditions.
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7.5.2 Simulation Boundary Conditions and Material
Properties
The boundary conditions for all simulations are
presented in Figure 7.14. Case 1 represents the case in
which atmospheric pressure was maintained at the base of the
sample and base flow rates were observed. Case 2 represents
the case in which base flow is prevented and the pore
pressure response at the base was observed. In the
laboratory tests, a small reservoir existed below the base
of the samples. This reservoir would tend to delay the time
to full equalization of concentrations across the samples.
Additional salt flux has to occur in order to raise the
concentration within the reservoir to the same
concentrations that exist within the sample. The presence of
the reservoir was not included in these simulations.
Figure 7.15 provides a representation of the curves of
osmotic volumetric strain versus concentration for the
clays. These curves were used to evaluate the osmotic
compressibility of each sample. The osmotic
compressibilities calculated from the slope of these curves
are given in Table 7.7.
Three sets of osmotic permeability, designated as Cases
A,B, and C, were used for each simUlation. Figures 7.16 and
7.17 illustrate the three sets of e�ficiencies used to
calculate the osmotic permeabilities for each simulation.
Table 7.7 provides a summary of the soil properties utilized
in each simulation.
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Boundary Conditions:
Case 1
Transport / 1st type / C
=
Flow / 1st type / u
= 0
/ /,//
,.
/
/
Co = 0 for t < 0
uo = 0 for t < 0 /"
/
,
//
//�/;'
/ /
'
4.0 M
T
1 em
Transport / 3rd type / qoCo = 0
Flow / 1st type / u
= 0
Transport / 1st type / C = 4.0 M
Flow / 1st type / u
= 0
Case 2
/ff
Co = 0
uo = 0
for t < 0
for t < 0
4
1 em
j_
Transport / 2nd type laC/ax = 0
Flow / 2nd type I qo
= 0
Figure 7.14 Simulation of Regina Clay and Sand Bentonite
Initial and Boundary Conditions
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Concentration for Regina Clay
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Table 7.7 Summary of Soil Properties for
Numerical Simulation
a) Regina Clay
General: m = 5.5 x 10-4 IkPa
v
-10 2
D = 4 x 10 m Is
-10
kh
= 1 x 10 m/s
n = 0.55
C = 0.05 M = 2.925 gm/l
o
Concentration Osmotic
Permeabili ty Osmotic
(m/s) Compressibili ty
(M) (gm/l) Case A Case B Case C (1/kPa)
0.05 2.925 6.5 x 10-13 -13 -13 1.0 x 10-63.8 x 10_13 2.2 x 10_13
0.1 5.85 4.0 x 10-13 2.2 x
10_13 1.1 x 10_13 1.0
x 10-6
0.2 11. 7 2.4 x 10-13 1.2 x
10_13 0.56 xl0_13
1.0 x 10-6
0.3 17.55 1.8 x 10-13 0.86
xl0_13 0.38 x10_13 1.0 x 10-6
0.4 23.4
-13
1.0 x 10-61.5 x 10_13 0.68 x10_13 0.29 xlO_13
0.5 29.25 1. 3 x 10_13 0.57 x10_13 0.23 x10_13
1.0 x 10-6
1.0 58.5 0.79 x10_13 0.32 xlO_13 0.12 x10 -13 1.0 x 10-6
2.0 117 0.49 x10_13 0.18 x10_13 .059 x10_13 1.0
x 10-6
4.0 234 0.30 x10 0.1 x 10 .003 x10 1.0 x 10-6
b) Sand/bentonite
General: m = 5.0 x 10-4 IkPa
v
-10 2
D = 4 x 10 m Is
kh = 1 x 10-11 mls
n = 0.5
Co = 0.008 M = .468 gm/l
Concentration
(M) (gm/l)
Permeability
(m/s)
Case A Case B Case C
Osmotic
Compressibili ty
(l/kPa)
0.008
0.01
0.05
0.1
0.2
0.5
1.0
2.0
4.0
0.468
0.585
2.925
5.85
11. 7
29.25
58.5
117
234
50.0 x 10-13
40.0 x 10-13
8 0 10-13· x
13
4 0 10-· x
13
2 0 10-· x
13
O 8 10-· x
13
O 4 10-· x
13
O 2 10-· x
13
1 10-· x
50.0 x 10_-1133 50.0 x 10-13
O 1-1338.0 x 10_13 37.
x
0_13
5.6 x 10_13
4.1 x
10_13
2.5 x 10_13
1.6 x 10_13
1.1 x 10_13
0.61 x10_13
0.36 x10_13
0.17 x10_13
0.16 x10_13 0.067x10_13
0.069x10_13 0.026x10_6
0.03 xlO 0.01 x10
213
80.0 x 10-6
80.0 x 10-6
80.0 x 10-6
80.0 x 10-6
7 5 10-6• x
6
5.0 x 10-
-6
5.0 x 10_6
0.335x10_6
0.335x10
7.5.3 Simulation of Regina Clay
Figures 7.18 and 7.19 illustrate the simulated
deflection of the Regina Clay with time. The typical ranges
of observed deflection are also noted on these figures. The
simulated deflection curves are all in good agreement with
the observed deflection curves at times greater than 1000
minutes. At earlier times, the higher efficiencies of cases
A and B produce rapid deflection of the sample up to a time
of 100 minutes. This component of osmotically induced
consolidation was not observed during testing of the Regina
Clay.
The base
illustrated in
flow rates and base pressure responses are
Figures 7.20 and 7.21. For these cases the
observed sample
higher estimates
responses are in better agreement with the
of efficiency. The shape of the simulated
base flow curve for case B efficiencies is in excellent
agreement with the laboratory observations. The diminishing
flow rates present in the simulations occur because the
small solution reservoir below the sample was not simulated.
Consequently, equalization of concentrations and the removal
of osmotic gradients across the sample occurs more quickly.
The observed base pressure response (e.g.,Sample RClO)
has a similar shape to the simulated curves. It appears,
however, to· be skewed toward larger elapsed times. This may
be due in part to time lag in the pressure readings.
Overall, it would appear that the predicted and
observed responses are in good agreement. It would appear
that the actual efficiencies of the membrane are lower at
smaller concentrations than those simulated. This would be
consistent with the fact that at low concentrations, the
Regina Clay would still behave as a Ca montmorillonite clay.
The efficiencies of divalent clays are lower than the
efficiencies of monovalent clays (Kemper and Rollins 1966,
Bresler 1973).
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7.5.4 Sand I bentonite Mixture
The simulated deflection versus time curves are
presented in Figures 7.22 and 7.23. All of the curves are in
good agreement with the observed range of deflections. The
rapid rate of osmotic volume change would seem to indicate
that the dominant volume change process was osmotically
induced consolidation. The time to 100% consolidation
coincides with a time factor of approximately 1 for the
sample. The rapid consolidation of the sand bentonite
sample, however, occurs as a result of the strong non­
linearity of the osmotic compressibllity with concentration,
and not as a result of negative fluid pressures within the
sample.
Figures 7.24 and 7.25 illustrate the base flow
responses and base pressure responses for the simulations.
The observed base flows are in good agreement with the lower
efficiencies of case Band C. These lower efficiencies
permit significant flows out of the sample to occur due to
expulsion of pore fluid.
The reversal of flow that was observed in Sample SB2
was not apparent in the simulations because of the complete
equalization of concentrations that occurs in the
simulation. This equalization does not occur so readily in
the laboratory samples because of the small reservoir of
water that exists below the sample.
The general shape of the simulated base pore pressure
responses are in agreement with the observed response for
sample SB6. The observed response seems to somewhat
smoothed relative to the simulated responses. This again
may be a result of time lag in the pressure transducer
readings.
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7.5.5 Summary
The simulations support the conclusion that the
controlling mechanism for osmotic volume change is osmotic
consolidation. The simulations also illustrate that the
rate at which osmotic consolidation takes place may be
altered as a result of osmotic flows.
Good agreement was obtained
observed osmotic time deflection
between the simulated and
curves. Due to the low
osmotic efficiencIes of the samples, the development of base
flow and pressure are secondary responses relative to that
of deflection. Consequently, obtaining a good match of the
simulated and observed flow and pressure responses would not
be expected. In spite of this, fairly good agreement was
obtained between the simulated and the observed base flow
rates. The comparison of the simulated and measured base
pressures would seem to indicate that significant time lag
existed in the pressure measurement system. Only the general
shape of the pressure responses can be compared.
7.6 Osmotic Pressure versus (R-A) as a Stress
State Variable
The final objective of the data analyses was to
establish the validity of using the osmotic pressure of the
bulk solution as a true representation of the stress state
within the double diffuse layer. In Chapter 3 two stress
state variables
behavior of
were selected to describe the volume change
a soil in which physio-chemical effects
are significant. These components were effective stress
(a
-
Uf), and the net electrostatic repulsive minus attractive
stress (R-A).
The value of the electrostatic repulsive stress can
only be predicted accurately for idealized soil systems,
using double diffuse layer theory. No known techniques exist
for direct measurement of this stress. Because of these
limitations, changes in the osmotic pressure of the bulk
solution were selected to represent the effect of changes in
the value of (R-A).
In this section the choice of osmotic pressure as a
stress state variable is evaluated. The changes in "true"
effective stress that must take place during osmotic
consolidation are also described. A technique is proposed to
evaluate the (R-A) component of the "true" effective stress.
7.6.1 Consolidation Stress Paths
In the selection of osmotic pressure as a stress state
variable it was not assumed that changes in the bulk osmotic
pressure would be equally effective as changes in the net
repulsive stress, (R-A), in promoting volume change. It was
accepted that the difference in the effectiveness of osmotic
pressure changes and changes in the value of (R-A) would
have to be accommodated in the evaluation of the modulus mn•
A principal difficulty that arises with the use of
osmotic pressure lies in the description of the theoretical,
monotonic stress path followed during laboratory testing.
Figure 7.26a presents a schematic representation of the
three dimensional constitutive surface described in Chapter
3. The stress path followed during testing is illustrated.
If a continuous constitutive surface exists, then the
projection of this stress path along the effective stress
axis should appear as illustrated in Figure 7.26b. The
actual observed behavior illustrated on Figure 7.2Gb is
significantly different.
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Reloading of the sample after osmotic
should result in continuing deformation of
the test results the sample behaved as if
consolidation
the sample. In
it had been
preconsolidated to somewhat higher pressures. A flat
surface back towards the virgin branch develops, which
becomes asymptotic to the virgin branch with increasing
stress. This stress path can only be shown to be consistent
with that described by the theoretical surface if osmotic
pressure of the bulk fluid is decreasing during reloading.
This behavior could be rationalized, if (R-A) was
considered to be the stress state variable. Following
osmotic consolidation further loading would tend to produce
small decreases in void ratio, which in turn would
result in increases in (R-A). This is consistent with the
stress path illustrated in Figure 7.26a.
The requirement that the osmotic pressure must also be
decreasing during reloading could be rationalized, if the
definition of the stress state variable was taken to be the
difference in osmotic pressure between the bulk solution and
that existing between the clay particles. Further loading
after the completion of osmotic consolidation would result
in a reduction of the interparticle spacing. Although the
concentration of the bulk solution was unchanged, the
concentration of the interparticle solution would be
altered. Even if this rationalization is valid, it still
leaves unanswered the question of how the physio-chemical
stress state variable can be measured.
7.6.2 Indirect Evaluation of (R-A)
In section 7.3 the curves of void ratio versus applied
stress for the sand/bentonite samples were viewed in terms
of a single "true" effective stress. The discussion in
section 7.6.1 raises the question of how an evaluation of
the true physio-chemical stress state variable might be
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obtained. In this section, a technique is proposed to
evaluate the magnitude of (R-A) indirectly.
The changes in void ratio that occur during changes in
effective stress or osmotic loading a�e desc�ibed by a three
dimensional constitutive surface. The changes in the stress
state variable along one axis can be viewed in terms of
equivalent changes in stress viewed along the other axis.
These equivalent stresses can be obtained by projecting the
three dimensional stress path onto the axis of a single
stress state variable. A technique similar to this was used
by Fredlund et al (1980) to predict heave in unsaturated
soils. For unsaturated soils, stress state variables of
total stress minus pore air pressure, (�-u ), and matric
a
suction, (u -u ), are used. The insitu, equivalent matric
a w
suction for a soil can be obtained by projecting the stress
path followed during a constant volume swelling test, onto
the plane of void ratio versus (cr-ua).
The virgin curves for the Regina Clay and
sand/bentonite samples are represented by the curves of void
ratio versus applied stress for samples RCDD and SBDD. The
volumetric strain due to osmotic consolidation from samples
RC4, RCS, and RC6, and SB2, SBOCI, and SBOC3 a�e
superimposed on these curves. A second curve can then be
drawn through the series of void ratios which represent the
end of osmotic consolidation. This construction is
illustrated in Figures 7.27 and 7.28.
The lower curve in Figures 7.27 and 7.28 represents the
virgin branch of the clays with the (R-A) component of
stress removed. At any void ratio, the difference in stress
between the two curves can be taken as a measure of the
equivalent value of (R-A) at that void ratio. Figure 7.29
illustrates how the value of (R-A), obtained in this manner,
varies with vertical effective stress.
Theoretical calculations for the
repulsive stress within the samples were also made using the
electrostatic
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osmotic pressure concept. The calculation method follows
that described by Ba1asubramonian (1972). An example
calculation is presented in Appendix A. For the Regina Clay
samples, the theoretical electrostatic repulsive stresses
were extremely small even with the assumption of a fully
dispersed structure. For the sand/bentonite samples,
however, the calculated values of (R-A) agreed closely with
the theoretical values of the electrostatic repulsive
stress. The specific surface of bentonite is assumed to be
approximately 580 m2/gm. A graphical comparison of the
calculated and theoretical values is illustrated in Figure
7.30.
The variation of net repulsive stress with
concentration of the pore fluid was also calculated and is
presented in Figure 7.31. The agreement between the
theoretical electrostatic repulsive stress and the
calculated values of (R-A) is poor.
Figures 7.32 and 7.33 illustrate the ratio of the
magnitude of (R-A) to the vertical effective stress for the
Regina Clay and sand/bentonite samples. For the case of
Regina Clay, (R-A) never exceeds a value of 30% of the
vertical stress. For the sand /bentonite samples, (R-A)
varies from a value of 50 % of the vertical stress at 200
kPa, to over 130% of the vertical stress at a stress level
of 10 kPa.
Fracturing of the sample may occur if the confining
stress on the sample goes into tension. The horizontal
confining stresses can be obtained from an estimate of Ko,
which is the ratio of the horizontal to the
vertical effective stress. For normally consolidated soils
Ko is equal to (1-sin�' ). If a friction angle of 30° is
assumed for these clays, the value of Ko would be 0.5. For
the sand bentonite samples, osmotic consolidation would
result in a reduction in the horizontal stresses greater
than the horizontal confining stress calculated using Ko.
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Using this criterion, fracturing of the sand/bentonite
should occur at all stress levels tested. For the Regina
Clay fracturing might only occur at extremely low vertical
stresses.
Permeability testing before and after osmotic
consolidation indicated that no significant change in the
permeability of the Regina Clay samples occurred. However
the permeability of the sand/bentonite sample changed by
almost one order of magnitude. It is not known, however,
whether this permeability increase was indeed as a result of
fracturing.
Ho (1985) measured the permeability of unconfined
samples of Regina Clay exposed to various concentrations of
NaCl solutions. Significant increases in permeability
occurred in samples exposed to 4.0 H NaCI solution. Ho
attributed the increases in permeability to shrinking of
the sample away from the sides of the rigid wall
permeameter.
The potential for these clays to undergo fracturing at
low confining stresses is also consistent with the few
existing case histories. Failure of sand/bentonite and
compacted clay liners have occurred. These liners exist
under fairly low confining stresses, consequently changes
in (R-A) may lead to fracture formation. Deeper, natural
clay deposits do not seem to undergo the increases in
permeability that accompany osmotic consolidation in the
surficial liners. Increasing confining stresses with depth
seem to ensure that the development of tensile stresses due
to osmotic consolidation never occur.
The above discussion is somewhat speculative. The
results do suggest, however, that an indirect evaluation of
the "equivalent" effective stress changes that occur within
a sample during osmotic consolidation might be possible. The
prediction of sample fracturing based on measured changes in
(R-A), using this technique, still remains to be
investigated.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS
8.1 Study Methodology and Objectives
The objectives of this research program were outlined
in Chapter 1 as follows:
1. To observe the volume change behavior of clay soils
on exposure to strong electrolyte solution.
2. To identify the dominant mechanisms of ·osmotic volume
change.
3. To develop a theoretical model to describe transient
osmotic volume change, based on a phenomenological
approach.
4. To evaluate the potential use of the theoretical
model to predict the rate and magnitude of volume
change in clay soils on exposure to to NaCl brines.
These objectives were met through a program of literature
review, theoretical formulation, numerical simulation and
laboratory testing.
A review of the existing literature
volume change was presented in Chapter
results of this review, a theoretical
on osmotic flow and
2. Based on the
formulation for the
general problem of transient osmotic volume change was
developed in Chapter 3. The solution of the governing
equations describing osmotic volume change and flow was
obtained through the use of a numerical model. Example
simulations, described in Chapter 4, were used to delineate
the behavior of clay during osmotic flow and volume change.
The laboratory testing program, described in Chapter S, was
used to observe the response of clay samples exposed to NaCl
solutions. The results of the laboratory study were
outlined in Chapter 6. In Chapter 7 the test results were
analyzed and discussed in light of the theoretical framework
laid out in the previous chapters.
The principal conclusions that can be drawn from this
study are outlined in section 8.2. Recommendations for
further study are enumerated in section 8.3
8.2 Study Conclusions
The behavior
consolidation was
of a soil
described
undergoing
in Chapter
effective stress
3 as being the
synthesis of the two soil properties; permeability and
compressibility. Similarly, osmotic volume change phenomena
in clay soils occur as a result of the influence that pore
fluid concentrations have on fluid flow and volume change.
The following conclusions focus on these influences:
1) Osmotic volume change of clay soils may take place as
a result of one of the following mechanisms:
(i) Osmotically Induced Consolidation
(ii) Osmotic Consolidation.
Both of these processes may be active to varying
degrees within a particular soil/solution system.
2) Osmotically induced consolidation occurs as a result
the rapid flow of water out of the sample in response
to osmotic gradients. It is characterized by the
development of large negative pressures within the
sample. The consolidation process is complete at a
time factor of 2.0. Volume change takes place as a
result of increases in the effective stress within
the sample. The sample must be fairly compressible,
and also exhibit significant osmotic efficiency.
3) Osmotic Consolidation occurs as a result of a
reduction in the net electrostatic repulsive forces,
(R-A), between clay particles. The rate of
consolidation is controlled by the rate of migration
of the dissolved salt into the samples. In the
absence of hydraulic flows this rate is controlled by
the diffusion of salt into the sample. Under these
conditions the time to 100% consolidation occurs at a
diffusion time factor, Td ' equal to 1, where Td
=
O(t)/H2• Osmotic volume change can be calculated if
the osmotic compressibility, and the change in
osmotic pressure within the soil are known.
4) The magnitude of osmotic or osmotically induced
consolidation is characterized by the soil
properties; m
1T
' osmotic compressibility; K1T '
osmotic permeability; and 0, the coefficient of
diffusion. The ratio of K
1T IKh is called the osmotic
efficiency, and is a measure of the semi-permeable
nature of the clay.
5) The dominant mechanism
reslurried samples of
of osmotic volume change in
Regina Clay and a 80%:20%
sand/bentonite mixture was osmotic consolidation.
Under the influence of 4 H NaCI solution, the osmotic
volume change for samples of Regina Clay and
sand/bentonite were approximately 2% and 7%
respectively.
7) The osmotic efficiencies of the soils tested were a
function of the pore fluid concentration. For the
sand/bentonite samples, the osmotic efficiencies
ranged from 0.5 at the initial pore fluid
concentrations of .008 H, to 0.001 at concentrations
of 4.0 H. The osmotic efficiencies of the Regina
Clay samples ranged from 0.05 at concentrations of
0.05 M to 0.0001 at concentrations of 4.0 M.
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8) The osmotic compressibility of Regina Clay appears to
be independent of applied stress level and pore-fluid
concentrations. The osmotic compressibility for
Regina Clay was approximately 1 x 10-�kPa. This is
approximately 0.2% of the effective stress
compressibility of Regina Clay at an applied stress
of 200 kPa. The osmotic compressibility of the
sand/bentonite was strongly dependent on pore fluid
concentrations. The osmotic compressibility of the
sand/bentonite varied from 100% of the effective
stress compressibility at low concentrations, to
approximately .5% of the effective stress
compressibility at high pore fluid concentrations.
9) The coefficient of diffusion for the Regina Clay and
sand/bentonite samples, obtained by direct
measurement, was approximately 4.0 x 10-6 cm2/s.
Back-calculation of the coefficient of diffusion
using the diffusion time factor and the time to 50%
osmotic consolidation gave similar values for Regina
Clay.
10) Numerical simUlations of the osmotic volume change,
base flow, or base pressure response of both the
Regina Clay and sand/bentonite samples were in
agreement with monitored sample behavior. It would
appear that the osmotic flow and volume change
behavior of clay soils can be predicted using the
theoretical/numerical solutions presented in this
study.
11) The use of the osmotic pressure of the bulk fluid as
a stress state variable was shown to be adequate only
in predicting volume changes during increases in pore
fluid concentration. If incre�se3 in applied stress
occur following the completion of osmotic
consolidation, the use of the net electrostatic
interparticle force CR-A) is more appropriate.
12) An indirect evaluation of (R-A) can be obtained
using a series of one-dimensional osmotic
consolidation tests. Fairly good agreement occurs
between the value of the electrostatic repulsive
stress obtained by the osmotic pressure concept, and
the value of (R-A) obtained from experimental data,
for the sand/bentonite samples. The presence of
packets of clay particles in the Regina Clay samples
prevented an adequate prediction of the magnitude of
the electrostatic repulsive stress to made using the
osmotic pressure concept.
13) The magnitude of the changes in (R-A) for
sand/bentonite indicated that fracturing might have
occurred during testing. The magnitude of (R-A) for
the Regina Clay indicated that fracturing would only
occur if the sample was not confined. The
permeability tests carried out following osmotic
volume change of the samples, confirmed that
significant increases in the permeability of the
sand/bentonite had occurred. No increase occurred in
the permeability of Regina Clay following osmotic
consolidation.
8.3 Recommendations for Further Study
The primary objective of this thesis has been the
general characterization of osmotic volume change and flow
through clay soils. Further studies will be required to
corroborate the observations and conclusions presented in
this thesis. In addition, some of the observations made in
this study lead naturally to other areas of study that
should be pursued. A number of suggestions for further
study are as follows:
1) The dominant mechanism for volume change was
determined to be .osmotic consolidation. Osmotic
flow, however, may influence the rate and magnitude
at which osmotic consolidation occurs. It is
recommended consequently that the existing test
apparatus be upgraded so that steady state osmotic
permeability testing of samples can be undertaken.
This testing would allow a more accurate evaluation
of osmotic permeability and efficiency to be
obtained. The variations of efficiency with confining
stress and pore fluid chemistry are of primary
interest in this regard.
2) The potential for indirect evaluation of the
magnitude of (R-A) should be studied further. If the
magnitude of (R-A) can be evaluated, it is the
preferred stress state variable to represent the
influence of stresses arising from physio-chemical
effects. The use of osmotic pressure is limited in
that it does not describe a continuous constitutive
surface during osmotic and applied stress loading.
In addition, the osmotic pressure does
for the effects of changing pore fluid
not account
chemistry,
only for the effect of changing concentrations of a
particular pore fluid composition.
3) The feasibility of predicting the onset of
fractur ing, baaed on an understanding of the
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magnitude of (R-A) as a function of confining stress,
should be investigated. A suggested test program
would be to use the indirect evaluation technique
described in this thesis to establish the changes in
CR-A) that occur within a sample at different stress
levels. The onset of fracturing during osmotic
consolidation could be established by monitoring the
changes in permeability that occur within the sample.
A confirmation of the presence of fractures could be
obtained using tracer displacement techniques or by
dye injection.
4) The focus of the present study was on the magnitude
of volume change and osmotic flow. Future studies
should begin to focus on how the rate of migration of
the dissolved salts is influenced by these processes.
A technique for monitoring pore fluid concentration
changes across the sample during osmotic
consolidation should be developed.
5) The conclusions drawn from the laboratory studies
need to evaluated against field conditions or at
least a prototype of field conditions. A case
history or laboratory prototype of a liner should be
studied in order to evaluate the application of the
results of this study to insitu conditions.
This thesis began with a description of the present
dilemma being faced by geotechnical engineers, in the design
of waste containment facilities for the storage of strong
electrolyte solutions. Advances in engineering design can
only take place when mechanism is properly understood.
Design methods based on empiricism and model testing are far
too restrictive and will not allow the engineer to meet the
challenges being faced in the design of containment systems.
This thesis provides some insight into the mechanisms by
which osmotic volume change and flow through clay soils
takes place.
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APPENDIX A
Appendix A outines the method used to calculate the
electrostatic repulsive stress between clay
packets of clay particles. The method
particles or
of calculation
described follows closely to the methods layed out by
Balasubramonian (1972-Appendix A), Bolt (1956), and Mitchell
(1976). Detailed developments of the method of calculation
are given by Mitchell (1976) and van 01phen (1977). A
tabulated set of calculations for the sand/bentonite mixture
are included.
A.l Calculation of (R-A) A2
A.2 Tabulated Calculations of (R-A)
for Sand/bentonite A4
Al
A.1 Calculation of (R-A)
The net repulsive force between two clay particles may
be calculated from the following equations:
R = 2 C R T (cosh y
-
1) [A.1]
o c
Yc
= 2 1n (cosh 6 + 1)/(cosh 6
-
1) for
Yc
<1 [A.2]
Yc
.. 2 1n (n/6) for
Yc
)1 [A.3]
6 ,.. K (x + d) [A.4]
0
(8nec
2 2
n/ek T)1/2 [A.SJK .. z
where; R = repulsive force between particles
C .. ion concentration of bulk solution, equal
0
to the molar concentration X 10-3
R .. Universal Gas Constant (85 kg�cm/mol/OK)
T ,.. absolute temperature (oK)
d .. interparticle half space
.. e/AsG
e .. void ratio
A .. specific surface
GS .. specific gravity of particle
e .. electric
£�5rge
on an electron
c
(4.8 x 10 ) esu)
z ,.. valency of the ions
n .. volume concentration of cations and anions
in bulk solution
(1�ns/cc, equal
to
molarity x NA x 10 )
e; .. dielectric constant of the pore fluid
NA ,.. Avogadro's n�ber
(6.0232 x 10 mol/gm mole)
k .. Boltzman's constant
The Boltzman equation used in the derivation of equation
[A.1] requires a boundary condition of infinite charge
density at the particle surface. As this is unrealistic, a
correction factor
xo'
is introduced.
Xo
is the distance from
the surface of infinte charge density, to a surface at which
the charge density is equal to that of the soil of interest.
Balasubramonian (1972) provides a method by which Xo
can be
calculated. Mitchell (1976) suggests that it can be
estimated as equal to; 1/v for illite, 2/v for kaolinite, and
4/v for montmorillonite, where v is the valence of the cation
of interest.
Sample Calculation
-
Sand Bentonite Mixture
e = 1.09
C "" 0.008 M
0
1/K "" 33.91
A
2
* 20% bentonite ::0 115
2
.. 575 m Igm m Igm
s
d "" e/G As = 1.09/(2.63'115) .. 36 i
6- ::0 k(x + d) = (1/33.91) (4 + 36) = 1.18
0
Yc
= 2 ln (1T/6-) :z 1.958
R .. 2 C R T (cosh y
.;
1) "" 1 04 kPa
0 c
A3
A.2 Calculation of (R-A)
SAND BENTONITE
--------------------
SPECFIC SURFACE = 115 CM2/GM
GS= 2.632
Xo= 4 A Co=.008 M
STRESS STRESS VOID HALF SP R-A
RATIO I/K=33.91
Yc(kPa) (kPa) (A) (kPa) DELTA
----------------------------------------------------------------
11 11 2 66.08 14.840965 2.0665403 0.8377126
20 20 1. 812 59.87 22.784081 1.8833737 1.0233350
30 30 1. 683 55.60 30.082688 1.7576902 1.1614632
40 40 1. 591 52.56 36.496641 1.6680555 1. 2661472
50 50 1. 521 50.25 42.209130 1.5998552 1.3496381
60 60 1. 465 48.40 47.391334 1.5452949 1.4190348
70 70 1. 419 46.88 52.115536 1.5004775 1.4778975
80 80 1. 375 45.43 57.079927 1.4576087 1.5358698
90 90 1. 335 44.11 62.015962 1. 4186371 1.5900711
100 100 1. 305 43.11 66.010422 1.3894084 1.6317082
120 120 1. 247 41. 20 74.532694 1.3328996 1.7147510
150 150 1.175 38.82 86.822431 1. 2627506 1.8228795
180 180 1.12 37.00 97.743902 1.2091647 1.9096048
200 200 1. 09 36.01 104.35856 1. 1799359 1.9585440
A4
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APPENDIX B
Appendix B contains the documentation of the numerical
simulation OSMOPC and the listings of utility programs
VELFIL, TELFIL, and NODVAL.
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B.l FINITE ELEMENT FORMULATION FOR 1-0 OSMOTIC FLOW AND VOLUME
CHANGE
B.l.l. Governing Equations:
-Kh a
A
K� an
v =- (E.!£. + pi) + - -
n ay r n ay
2RT C
e
IT ... ---
pwgm
R ... Gas constant
T - Absolute temperature
C - Concentration of salt (gm/t)
e
m a molecular weight of salt
P
:0 Density of water
w
m - Compressibility (l/kPa)
v
m - Osmotic compressibility (l/kPa)
�
K ... Permeability
h
K • Osmotic permeabilty
�
p
...
p Ip
-
1
r f w
R - Retardation factor
D - Diffusion coefficient (m2/S), 0' a D/R
v ... Water velocity v' - viR
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B.1.2. Finite Element Equation for Salt Transport:
2.1 Galerkin technique of weight.ed residuals, residual R;
2.2 Utilize linear, one-dimensional elements with a local coordinate
system:
local coordinates; w1
"" 1
-
y/i
w2
- y/i
•
Y1
2.3 Trial function;
e z e ". � e _ (t) w. (y)
j l"'J 1
J
where N is no. of nodes
In matrix force the elemental trial function becomes
2.4 Write the Galerkin equation using trial functions; and remove
second derivatives by Green's theorum.
f R • <p. di "" 0
1
1 = 1. •• N
i "" 1 ••• N
ae aWi ac ac
-f 0' di + f D' -- i w ds
-
f v' w dO
i ay ay s ay y i i at i
s;
83
Note:
ac
Is
D'
ay iy WidS
forms third type boundary
where Q , C are specified third type
o 0
boundary conditions
2.5 Substitute in trial function and third type boundary condition;
aECjw.
aw
i
+In (D'
-
J � v'
J.. ay ay
i = 1 ••• N
remove summation from integral
aW. aw
HC [I (D' _J _1 +L.
1 ay ay
j=l
aCj
+ E
at
I
WiWjdi
= 0
in matrix form;
i = 1. .. N
[R + RbJ {C}
+ [T] lac} + {Q} = 0
at
2.6 Apply finite difference approximation of time derivative;
Cj
=
E(Cj)t+�t
+ (1
-
E) (Cj)t
where E = 1 for backward difference approximation (BDA)
E - 1/2 for central difference approximation (CDA)
now;
{C}t+�t
-
{C}t
[R] (E {C}
t+�t
+ (1
-
E) {C}t)
+ [T] ( ) .. 0
�t
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2.7 Evaluation of element matrices;
0'
[
1
-1) + � [-1 1],.. I -1 1 2 -1 1
[RbJe
- f vds,.. [V 0]
s 0 0
consistent form
or ,.. ! [1 0] lumped form
2 0 1
B.1.3. Finite Element Equation for Hydraulic and Osmotic Flow
3.' Galerkin Technique of weighted residuals, residual R;
... m p g
1T W
R ,.. 1- [K (11) + KHPr
-
K arr] - Ah ��t + A arr,.. 0ay H ay 1T ay 0 1T at
3.2 Utilize linear, one-dimensional elements with a local coordinate
system;
3.3 Trial Functions;
�
-
� ,.. � � (t) w (y) where N is no. of
'
nodes-
j _j,
j
and rr = � = � rrj(t) Wj(Y)
j .. l
3.4 Write Galerkin equation using trial functions and remove second
derivatives by Green's theorurn.
Ii R •
�i
di .. 0
Ii [.L (Kh
II +
ay ay
i '"' 1 ••• N
85
application of Green's theorum: in general
therefore;
aw an aw aWi aWi Kn an aWi
is(Kh ay KhPr-Kn ay)·widS-It(Kh ay �KhPr ay-
-
ayay-)dt
i 1. .. N
rewrite
where {Q} are boundary fluxes
3.5 Substitute in trial functions and remove r from integral;
i = 1. •• N
where; Q is applied fluxes,
QO
1s boundary density flux = Is Khw1Prds
in matrix form;
+ to}
-
{Q}
-
{Q } zo 0
o
B6
3.6 Apply finite difference approximation of the time derivative;
-
£
{O}t+At
-
(1-£){O}t
+ {Q} + £{QO}t
+
(1-£){QO}t+At
with {Q} constant with time
3.7 Evaluation of element matrices
similarly [K]
K�
[
1
-1]
�
=
r -1 1
[Th] 12- Ah WjWi
d9.
Uh
[2 1] consistent form=6" 1 2
Uh
[1 0] lumped formor =-
2 ° 1
A 2-
[2 1]similarlY [T ]
�
�
=
-6- 1 2
A R.
[1 0]
�
or =-
2 ° 1
{O} = 19. Kh
aW1
p - d9. = K p [-1 ]r
oy
h r
1
3.8 Calculation of Elemental velocities
r "" - K (aljl + p ) + K (all)
h ay r � ay
aWj
K
aWj
••
qc
=
-rljlj (Kh ay
+
Kh Pr)
+
rIlj � ay
in matrix form
K
+_!
1,
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B.2 Flow Charts for OSHOPC
B.2.l Description of Subroutines
MAIN - file assignments
opens/closes
-
input/output files
CLREAD - input/output of control data
DEYSIT - update iterative osmotic potentials and
average element relative densities
OTSTIF - form density matrix, OT2
ESTIF - form flow equation matrices;
EH, EMH, EP, EHP
FLOSOL - form flow equation, modifiy for boundary
conditions, solve for hydraulic heads
FREAD - input/output flow data
INIT - initialize variables and matrices
KTSTIF - form general form of K,R, and T matrices
MODIFY - modify a triadiagonal coefficient matrix
for first type boundary conditions
PROCOL - main control subroutine, contains iterative
and time loops
PRTOUT - solution output to files
RSTIF - form global R matrix for transport equation
SWELLCHK - check for reversal of volume change
direction in each element, assign
appropriate value of compressibility
TABKPHP - define element osmotic permeability and
compressiblity based on tabulated input
data and element concentrations
TRASOL - form transport equation, modify for
boundary conditions, solve for
concentrations
TREAD - input/output transport properties
TSOLVE - Thomas algorithm for solving triadiagonal
symmetric or non-symmetric matrices
B9
8.2.2 Flow Chart for MAIN
SUBROUTINE MAIN
lTERACTIVE FILE
ASSIGNMENT
INITIALIZE VARIABLES
INPUT FILE
DATA FILE
GENERAL
NODAL CONCENTRATIONS
....--11--. HYORAUUC HEAD
OSMOnCHEAD
PRESSURE
VELoanes
INPUT CONTROL DATA • "I CLREAD I
INPUT TRANSPORT DATA "'--4�
INPUT FLOW DATA
CALL PROGRAM
CONTROL SUBROUTINE
CLOSE FILES
810
B.2.3 Flow Chart for PROCOL
SUBAOllTJNE PAOCOl
FORM GLOBAL
STlFFNESS MATRIX _.J ESTIF .,
EH, EMH, EP, EPH
FORM GLOBAL
MATRICES
I PRTOUT I
CHECK STEADY
• N_0--t STATE OR ELAPSEDTIME LIMITS
:===c==:::
YES
I"",-PR-T-OU-T""'I
EVALUATE ELEMENT
PROPERTlES
PKP,CMP
SOLVE
CONCENTRATlONS
PRINTOUT
SOLUTlONS
CONVERGENCE
CHK FOR VOLUME
CHANGE
REVERSAL
PRINTOUT
SOLUTION
811
B.2.4 Flow Chart for FLOSOL
SUBROUTINE FLOSOl
C START
!
� IFORM DENSITY MATRIX •DT2
t
FORM FLOW EQUATION
COEFFICIENT MATRIX
+
MODIFY FOR FIRST TYPE • � IBOUNDARY CONDITIONS
+
-ISOLVE FLOW EQUATION •
J
CALCULATE ELEMENT
VELOCITIES
j_
C END:>
B12
DTSTIF I
MODIFY I
TSOLVE I
8.2.5 Flow Chart for TRASOL
SUBROUTINE TRASOl
C START
CALCULATE DISPERSION
COEFFICIENTS
�
FORM GLOBAL R
.! RSTIF IMATRIX
�
INPUT NODAL FLUXES
+
ADD THIRD TYPE
BOUNDARY CONDITIONS
�-
FORM GLOBAL
EQUATION
,
MODIFY FIRST TYPE
BOUNDARY CONDITIONS
�
SOLVE FOR CONC. .: TSOLVE I
_l
C END::>
B13
B.3 List of Primary Variables
Control and Common Variables
A(201,3)
B(201)
OT
EF
ET
G
ITMAX
KFI
KFN
KTI
KTN
KTF
KTF
MAT(200)
NIT
YUMAT
YUHEL
NUMNP
ROW
STOL
TFAC
TIME
TaL
TOTIM
VEL(200)
Y(201)
- coefficient matrix in Thomas solver
- column matrix in Thomas solver
- time increment
- time weighting factor / flow equation
- time weighting factor / transport equation
-
gravitational accerleration (m/52)
- maximum number of iterations
- flow boundary condition code,
node 1; first type (1), second type (0)
- flow boundary condition code,
node NUHNP; first type (1), second type (0)
-
transport boundary condition code,
node NUHNP; first type (1), second type (0)
-
transport boundary condition code,
node NUHNPi first type (1), second type (0)
- consistent (0) or lumped (1) formulation
code for flow equation
- consistent (0) or lumped (1) formulation
code for transport equation
- matrix of element material numbers
- iteration number
- number of materials
- number of elements
- number of nodal points
-
density of fluid (kH/H3)
-
convergence tolerance on steady state
- time increment multiplier
- total elapsed time
- iteration convergence tolerance
- maximum simulation time
- element velocities
- nodal coordinates
B14
Flow Equation Variables
CLH(S) - CHV*ROW*G
CHP(200) - elemental osmotic compressibility
CMS(S) - material compressibility during swelling
CMV(S) - material compressibility
CTAB(5,20)- tabulated concentrations for TABKP, TABHP
OTl(201) - initial relative density coefficient matrix
072(201) - final relative density coefficient matrix
EH(201,3)
-
global sub-matrix for hydraulic flow
EMH(201,3)- global sub-matrix for hydraulic flow
EP(20l,3)
-
global sub-matrix for osmotic flow
EHP(201,3)- global sub-matrix for osmotic flow
FHl(201) - initial hydraulic heads
FH2(201) - final hydraulic heads
GAMMA - relative density
- concentration constant
(maximum fluid density/water density -1)
NIP - number of tabulated data pOints for
TABKP, TABMP, CTAB
OP1(201) - initial osmotic heads
OP2(201) - final hydraulic heads
OPIT(201) - osmotic heads during iteration
PKH(S) - material permeability
PKP(200) - element osmotic permeability
OF(201) - matrix of nodal flows
QF1(201) - matrix of intial nodal flows
ROEN(200) - element relative densities
RGAS - universal gas constant (8.314 kPa/mole/K)
SKH(201,3)- global conductivity matrix for
hydraulic flow
SKP(201,3)- global conductivity matrix for
osmotic flow
STH(201,3)- global storage matrix for hydraulic flow
STP(201,3)- global storage matrix for osmotic flow
TABKP(S,20)-tabulated osmotic permeability
TABMP(S,20)-tabulated osmotic compressibility
TEM - absolute temperature (298 OK)
Transport Equation Variables
AL(S)
- material dispersivity
CTl(201)
- initial nodal concentrations
CT2(201) - final nodal concentrations
CIT(201) - iterative nodal concentrations
0(201) - element coefficients of dispersion
DO(S) - material diffusion coefficient
POReS) - material porosity
QT(201) - transport flux matrix
R(201,3) - global coefficient matrix
STT(201,3)- global storage coefficient matrix
RTRO(S) - material retardation
815
B.4 Input Formats for OSHOPC
Line: 1
Variables: HED
Format: 18A4
Description: problem description
Line: 2
Variables: NUMNP, NUMAT, EF, ET, KTF, KTT
Format: 215, 2F5.1, 2I5
Description: see B.3
Line: 3
Variables: I, MATCI), J, MATCJ)
Format: 415
Description: element no./material type match
- intermediate values generated as first
Line: 4
Variables: I, YCI), J, YCJ)
Format: 2CI5, F5.3)
Description: nodal no./coordinate match
- intermediate values generated
Line: 5
Variables: KFI, KFN, KT1, KTY
Format: 415
Description: see B.3
Line: 6
Variables: DT, TFAC, TOTIM
Format: EIO.3, F10.3, E10.3
Description: see B.3
Line: 7
Variables: TOL, STOL, ITMAX
Format: 2F5.3, 15
Description: see B.3
Line: 8
Variables: PORCI), ALCI), RTRDCI), DDCI), I=1,NUHAT
Format: 3F10.2,. E10.2
Description: see B.3
Line: 9
Variables: I, CT1CI), QTCI), I D 1,NUHNP
Format: 15, 2F10.2
Description: intermediate values between successive
lines are generated
816
Line: 10
Variables: PKH(I), CHV(I), CMS(I), I = 1,NUMAT
Format: 3E10.2
Description: see B.3
Line: 11
Variables: NIP
Format: IS
Description: see B.3
Line: 12
Variables: CTAB(I,J), TABKP(I,J), TABMP(I,J),
I=1,NUHAT, J�1,NIP
Format: FIO.3, 2EIO.2
Description: repeat for NIP lines, enter table of
concentration, KP, MP I repeat for each
material type
Line: 13
Variables: GAMMA
Format: F10.2
Description: see B.3
Line: 14
.
Variables: I, FH1(I), QF(I), OF1(I), I = 1,NUHNP
Format: IS, 3F10.2
Description: initial nodal head, 3rd type boundary
nodal flux, and initial fluxes I
intermediate values between successive
lines - generated
817
B.5 Program Listings
B.5.10SMOPC
***********�******%*******�**************=***************************
C
SUBROUTINE CLREAD
c
C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
C THIS SUBROUTINE READS FROM A GENERAL INPUT FILE CONTROL DATA SUCH AS
C GRID GEOMETRY, TITLE, TIME STEP DATA, WEIGHTING FACTOR, BOUYDARY
C CONDITION CODES AND THEN ECHOS THIS DATA TO THE GENERAL OUTPUT FILE
C
'IHCLUDE:'CPARH.tXT'
I IN rIRST TIME STEP CIT-CT1, IN SUBSEQUENT TIME STEPS CT1 DENSITY
C ALREADY CALCUATED
C
tIYCLUDE:'CPARM.TXT'
tINCLUDEs'TPARM.TXT'
SINCLUDE:'rPARM.TXT'
C
C CACLULATE THE ELEMENT RELATIVE DENSITES. THE RELATIONSHIP USED IS A
C STRAIGHT LINE RELATIONSHIP BETWEEN S.G. Or SOLUTION AND THE
C CONCENTRATION IN GMS/CUBIC METRES
DO 10 M-l,NUMEL
Ml=M+1
CAVG-(CIT(M)+CIT(Ml»/2.
SG=l.+GAMMA*CAVG
RDEN(M)-SG-l.0
10 CONTINUE
C
C CALCULATE THE OSMOTIC POTENTIALS - VAN'T HOFF RELATIONSHIP IS USED AT
C THIS PRELIMINARY STAGE - CONC IN GM/L IS CONVERTED TO HOLE/L BY OIVIDING
C BY 58.45 THEY RELATIOH SHIP R*T*2*C IS USED
C
C
00 20 I-l,NUHNP
PRESS-RGAS*TEH·2.0·CIT(I)/58.45
OPIT(I)·PRESS/(ROW·G)
20 COYTINUE
RETURN
EYO
B18
C •••••••••••••••••••••••••••••••••••••••••••••••• *•••••••••••••••••••••
C
SUBROU!INE DTSTIF(II)
C
C ••••••••••••••• * ••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
C THIS SUBROUTINE FORMS THE DENSITY MATRICES (DT2'. FOR THE FIRST TIME
C tIME STEP DT2 IS EQUAL TO DT1
C
$INCLUDE :'CPARM.TXT'
SINCLUDE:'TPARM.TXT'
SINCLUOE:'FPARM.TXT'
C
C
DO 10 I-1,NUMNP
OT2(1) -0.0
10 COHTINUE
DO 20 M-1,NUHEL
NM-HAT(M)
M1-H+1
OT2(H)-OT2(H)-PKH(NK)*ROEN(M)
DT2(M1)-DT2(H1)+PKH(YM)·ROEY(M)
20 CONTINUE
C
C FOR FIRST TIME STEP SET OT1KOT2
IF(TIHE.LE.OT)THEY
DO 30 I-l,NUMNP
OT1 ( I ) -OT2 ( 1)
30 CONTINUE
END IF
C
RETURN
END
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
SUBROUTINE ESTIF
C
C .*••••••••••••••••••••••••• *••••••••••••••••••••••••••••••••••••••••••
C
C THIS SUBROUTINE FORMS THE EH,EHH,EP,EMP MATRICES OF THE FLOW EQUATION
C WHICH ARE CONSTANT OURINC EACH TIME STEP AS KP,KH,HP,MV ARE NOT A
C FUNCTION OF COYC.
C
.INCLUOE:'CPARH.TXT'
SIYCLUOE:'TPARH.TXT'
SINCLCDE:'FPARH.TXT'
C
C
DO 10 J-1,3
DO 10 I-1,YUHNP
EH(I,J)-EF*SKH(I,J)+STHCI,J)/OT
!HH(I,J)--(1.-EF)·SKH(I,J)+STHCI,J)/OT
!P(I,J)-EF·SXP(I,J)+STPCI,J)/OT
!MP(I,J)--(1.-EF)·SKP(I,J)+STP(I,J)/OT
10 COY'l'INUE
RETURN
!HD
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
SUBROU�INE FLOSOL
C
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
C �HIS SUBROUTINE FORMS THE DEYSITY MATRIX, COMBINES THE MATRICES TO
C OBTAIN �HE RIGHT AND LEFT SIDE COEFFICIENT MATRICES, MODIFIES FOR
C BOUNDARY CONDITIOYS AYD THEY SOLVES FOR FLUID HEADS AYD VELOCITES
C USIYG THE THOMAS ALGORITHM AX-S
C
.INCLUDE:'CPARM.TXT'
'IHCLUOE:'�PARM.TXT'
.INCLUDE:'FPARM.TXT'
C
C FORM OEHSIT! MATRIX
CALL D�STIF
C
C lHITIALIZE A,8
DO 5 I-l,HUMNP
BU)-O.O
DO 5 J-l.3
A(I,J)-O.O
5 COYTINUE
C
C ADO FLUX. MATRIX IYTO RIGHT SIDE B MATRIX, FOR FIRST TIME STEP FLUX
C IS EF·QF + (I-EF)·QF1. FOR REMAIYING TIME QF IS CONSTANT
IF (TIME.GT.OT)THEY
DO 10 I-l,YUMYP
BU )-OF(I)
10 CONTIYUE
ELSE
DO 20 r-l,HUHNP
BCI)-EF*QFCI)+Cl.-EF)*QFICI)
20 CONTIYUE
EYD IF
C
C FORM FLOW EQUATIOY RIGHT SIDE COEFFICIENT MATRIX
DO 30 I-l,YUHNP
B(I)-BCI)-£1·OT2(I)-Cl.-EF)·DTICI)
DO 30 JJ-1,3
J-I-2+JJ
IFC(J.GT.O).AYO.CJ.LE.YUHNP» THEH
BCI)-BCI)+EMHCI,JJ)·FH1(J)+EPCI,JJ)·OPIT(J)-EMP(I,JJ)*OP1(J)
ACl,JJ)-EHCI,JJ)
END IF
30 CONTIYUE
B20
CC BOUNDARY FLUXES DUE TO DENISTY GRADIENTS HAVE TO BE ADDED INTO
C BOUNDARY NODES
YH1'"'MAT(1)
CONSI-GAHHA*PKHCNH1)
YM2-MATCYUHEL)
CONS2-GAHHA*PKH(NH2)
B(1)-S(1)+EF*(-CITC1)*CONS1)+(1.-EF)*(-CT1(1)*CONS1)
B(NUMNP)·B(NUHNP)+EF*CITCNUMNP) *CONS2+(1.-EF) *CT1(NUHN P)*CONS2
C
C MODIFY THE MATRIX EQUATION AX-a FOR FIRST TYPE BOUNDARY CONDITIONS
IF(KF1.EQ.1)THEN
CALL HODIFY(1,OF(1»
END IF
IF(XFY.EQ.l) THEN
CALL HODIFY(NUKNP,OF(NUHNP»
END IF
C
C SOLVE
CALL TSOLVECl)
C
C STORE SOLUTION IN rH2
DO 40 1-1,NUHNP
FH2<I)-B(I)
40 CONTIYUE
C
C CALCULATE VELOCITES. DUE TO HYDRAULIC,OSHOTIC AND DENSITY GRADIENTS
DO 50 H-l,NUKEL
YH-HAT(H)
H1-H+l
RL-ABS(Y(K)-Y(H+1»
FHO·FH2(H)-FH2(H1)
OPO-OPIT(H)-OPIT(Hl)
VEL(M)�PKH(NH)/POR(NM)·CFHD/RL-ROEN(H»-PKP(M)/POR(NH)*OPD/RL
50 CONTINUE
RETURN
END
C
c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
SUBROUTINE FREAD
C
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
C THIS SUBROUTINE READS IN THE MATERIAL PROPERTIES AND BOUNDARY CONDITONS
C REQUIRED TO SOLVE THE FLOW EQUATION
C
'INCLUDE:'CPARM.TXT'
'INCLUDE:'TPARM.TXT'
'IHCLUDE:'FPARM.TXT'
C
C READ/WRITE FLOW/CONSOLIDATION MATERIAL PROPERTIES
WRITE(16 .. 200)
00 8 I-1 .. NUMAT
READC17 .. 100)PKH(I) .. CHVCI),CMSCI)
WRITE(16,202)PKH(I),CHVCI) .. CHSCI)
8 CONfINUE
C
C FORM THE MATRIX CLH - THIS MATRIX IS MODIFIED IF SWELLING OCCURS BY SWELLCHX
00 9 I-1,YUMEL
NM-MATCI)
CLHCI)-CMVCYM)
9 CONTINOE
C
C READ IN OSMOTIC PERMEABILTIY AND COMPRESSIBLITY IN TABLULAR DATA POINT
C TYPE FORMAT
READ(17,101)NIP
00 11 1-1,YUMAT
WRITECl6 .. 203)1
READ(17,102)CCTABCI,J),TABKP(I,J),TABMPCI,J),J-1,NIP)
WRITEC16,204)CCTABCI .. J),TABKPCI,J),TABHPCI,J),J-l,NIP)
11 CONTINUE
C .
C READ/WRItE CONCENTRATION-RELATIVE DENSITY CONSTANT
READC17,107)GAMMA
WRITEC16,207)GAMM�
C
C READ INITIAL AND BOUNDARY FRESHWATER HEADS/FLUXES
READ(17,llO)I,FH1(I),QF(I),QF1eI)
5 READC17,110)J,FH1CJ),QFCJ),QF1(J)
IFCCJ-I).GT.l) THEN
IP-I+l
JM-J-1
DY-J-I
FD-(FH1(J)-FHICI»/DN
QFD-(QFeJ)-QFCI»/DN
QFID-(QF1(J)-QF1(I»/DN
00 10 K-IP,JM
FH1(K)-FH1(K-1)+FD
QFCK)-QF(K-l)+QFD
QF1(K)-QFleK-1)+QFlD
10 CONTINUE
ELSE
!HD IF
I-J
IFCI.LT.NUMNP)THEN
GO TO 5
END IF
IRlTEC16 .. 210)(I,FH1(I),QFeI),QFlCI) .. I-l,YUMNP)
C
C CALCULATE INITAL OSMOTIC PRESSURES FORM CTl
00 30 I-1,NUMNP
PRESS-2·RGAS·TEH·CT1(I)/58.45
OP1CI)·PRESS/CROW·G)
30 CONTINUE
AND INITAL FLUXESCTIMEaO)
C
C IRlf! INITIAL OSMOTIC POTENTIALS
WRITEC16,220)(I,OP1CI),I-1,NUMNP)
c
C '.1'1'•••••••••••••••••••••••••••••••••••••••••••••••• " ••t,t'•••I.'••
C FORMAT
100 FORHAT(lEI0.2)
101 FORHAT(I5)
102 FORHAT(FIO.3,2EI0.2)
107 FORMAT(F10.2)
110 FORHAT(I5,3EIO.2)
200 FORHAT(//,33H HYDRAULIC K AND COMPRESSIBLITY: ,/27(1H*),11
134H PKH CMV CMS,
2/34 ClH*), I/)
202 FORMAT(3(2X,EIO.2»
203 FORHAT(II,40H CONC. OSMOTIC K COMPRESS FOR MAT NO: ,IS,
1/40(lH*»
204 FORMAT(/,F10.3,2X,EIO.2,2X,EIO.2)
207 FORMAT(//,'CONCENTRATION - RELATIVE DENSITY CONSTANT ·',F10.2)
210 FORHAT(I/.35H INITIAL FRESHWATER HEADS AND B.C ,/l5(lH*),
,1/,5X,'(NODE.IYITIAL HEAD.B.C,INITAL FLUXES)'11.2(IS.3EIO.2,5X»
220 FORHAT(I/28H INITIAL OSMOTIC POTENTIALS ,/28(lH*),/SX.
l'(NODE,POTENTIAL)',/I,S(IS,FIO.2»
C
C
2001 FORMAT('FREAD',E10.2)
RETURN
END
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
SUBROUTINE IHIT
C
C ••••••••••••••••••••••••••••••••••••••••••••••••• * ••••••••••••••••••••
C
C THIS SUBROUTINE INITIALIZES THE MATRICES TO BE USED IN THE SOLUTION
C AS WELl. AS ESTABLISHES A NUMBER OF CONSTANTS
C
$INCLUDE:'CPARH.TXT'
$INCLUDE:'TPARH.TXT'
fINCLUDE:'FPARM.TXT'
C
DO 10 Jal,l
00 10 I-l.NUHNP
R(I,J)"'O.O
SKH <I • J ) -0 • 0
STH <I, J ) -0 . 0
SKP <I , J ) -0 • 0
STP (I , J ) -0 • 0
EH(I,J)-O.O
EMH(I,J)-O.O
EP(I,J)-O.O
EMP (! , J ) -0 • 0
10 CONTINUE
C
DO 20 Y-l,YUMNP
VEL<Y) -0.0
CT200-O .0
DTlCY)·O.O
DT2(Y)-0.0
rH2(N)aO.0
OP20n-o.0
OPITOI) -0.0
20 CONTINUE
C
C SET INITIAL CONSTANTS
ROW-l.O
G-9.81
C R IS THE UNIVERSAL GAS CONSTANT, TEM IS ABSOLUTE TEMPERATURE
C THE WILL BE USED TO CALCULATE OSHOTIC PRESSURE IN KPA FROM
C THE EXPRESSION , OSMOTIC PRESS-RTC, C IN HOLES/L
RGASa8.314
TEM-298.
C
RETURN
!!liD
CSUBROUTINE ITSTIF
C
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
C THIS SUBROUTlHE FORMS THE CENERAL FORM OF THE K (OR R) AND T MATRICES
C THE T MATRICES OEVELOPED IN THE CONSISTENT FORM AND THEN LUMPED FOR
C THE tRANSPORT OR FLOW EQUATION IF XTF OR KTT IS '1'.
C
C THIS SUBROUTINE IS ONLY REQUIRED TO RUN ONCE FOR CONSTANT MATERIAL
C PROPERTIES. IT IS RUN A SECOND TIME IF A SWELLINC INDEX IS USED
C IT IS THEY CALLED FROM SUBROUTINE SWELLCHK
C IT IS RUY EVERY ITERATION IF VALUES OF XP AND MP ARE USED AS A FUNCTION
C OF CONCEHTRATION (IE. NIP CT 1)
C
SINCLUDE:'CPARM.TXT'
SINCLOOE:'TPARH.TXT'
SIYCLUDE:'FPARH.TXT'
C
DIMEYSION STE(2.2).SKE(2.2)
C
C INITIALIZE STH.STP.SKH.SXP
DO 5 J-l.3
DO 5 I-l.NUMNP
S'l'H(I.J)·O.O
STPCI.J) -0.0
SXH CI • J ) -0 . 0
SXPCI.J)aO.O
STT ( I • J ) -0 . 0
5 CONTIYUE
C
C SET ELEMENT MATRIX VALUES
STECl.l)-2.
STEel. 2) -1.
ST!( 2.1)-l.
STE(2.2):II2.
SKE( 1.1)-l.
SKEel. 2) --1.
SKEC2.1)--1.
SKE(2.2)-1.
C
DO 10 M-l.YUMEL
NM-MAT(M)
M1-"+1
RL-ABS(YCH)-YCM1»
PKHRLaPKHCNH)/RL
PKPRL"PKPCH)/RL
C YOTE: CLH HAS ALREADY BEEN SET :II CMV OR CMS FOR EACH ELEMENT
CMVRLsCLH(H)·RL/6.·ROW·C
CMPRLaCMPCM)·RL/6.·ROW·C
DO 20 U-l.2
I-II+M-l
.
00 20 JJ-l.2
J-JJ-II+2
STH(I.J)-STHCI,J)+STEC1I.JJ)·CMVRL
STPCI.J)-STP(I.J)+STECI1.JJ)·CMPRL
SKH(I.J)-SXH(1.J)+SKE(II.JJ)·PKHRL
SKP(1.J)-SKP(I.J)+SKE(II,JJ)·PKPRL
STT(I.J)-STTCI.J)+STEC1I.JJ)·RL/6.
20 CONTINUE
10 CONTINUE
C
C CONDENSE TO TIME MATRICES STH.STP,STT
IF(KTT.EQ.l)1HEN
DO 30 I-l.YUHHP
STT(I.2)·51T(I.1)+S11(1.2)+S11(1.3)
STTC1.l)aO.O
S1'1'U.3)-0.0
30 CONUNOE
ELSE
EYD II'
IF(XTF.EQ.1)THEN
00 50 I-l,NUMNP
STH(I,2)-STH(I,1)+STH(I,2)+STH(I,3)
STP(I,2)·STP(I,1)+STPCI,2)+STP(I,3)
STP ( I, 1) -0 . 0
STPCI,3)-0.0
STH(! , 1 ) -0 . 0
5TH(I,3)·0.0
SO CONTINUE
ELSE
END IF
C
C
RETURN
END
'DEBUG
'YOFLOATCALLS
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
C
C
C ••••••••••••••••••••••**••••••••••••••••••••••••••••• * ••• * ••• *_ ••• **
C
C THIS PROGRAM SOLVES THE FIHITE ELEMEHT EQUATION FOR OSMOTIC FLOV
C 1M ONE DIMENSION. THE FORMULATION VAS DEVELOPED BY S.L. BARBOUR AND
C INCLUDES THE EFFECT OF OSMOTIC FLOW, SALT ADVECTION-DISPERSION, AND
C DENSITY INDUCED FLUID FLOV.
C
C THE PROGRAM ALSO ASSUMES AT THIS STAGE OF DEVELOPMENT, THAT
C VAN'T HOFF APPROXIMATION OF OSMOT�C PRESSURE APPLIES.
C
C THE SECOND VERSION INCLUDED THE CAPABILITY OF A NUMBER OF DIFFERENT
C MATERIALS AS VELL AS A SWELLING CHECK FOR CHANGING MV TO MS
C
C
C
C
C
C
C
o S H 0 4
THIS FOURTH VERSION (JUNE 23 ,1986) ALLOWS THE VALUES OF KP AND HP
TO BE INPUT AS A FUNCTION OF CONCENTRATION THROUGH A SERIES OF TABULATED
VALUES OF CTAB(NH,NIP), TABKPCNM,NIP), TABHP(NM,NIP)
THE PC VERSION VAS BEGUN MODIFICATION ON JUNE 24,1986
IMPLICIT REAL*8CA-H,0-Z)
,INCLUDE:'CPARH.TXT'
'INCLUDE:'TPARH.TXT'
'INCLUDE:'FPARH.TXT'
C
C OPEN INPUT/OUTPUT FILES
CHARACTER-10 IHFIL,OUTFIL,CONC,FHEAD.OHEAD.PHEAD.VELFIL
CHARACTER·20 HED
C
C
WRIT!!C·, 1110)
READC*,1111)INFIL
VRITZC*,1112)
READC·,1111)OUTFIL
VRITEC*,1l13)
READC·,llll)CONC
WRITEC*,11l4)
READC·,1111)FHEAO
WRITEC·, 1115)
READC·,1111)OHEAD
WRITEC·, 1116)
REAOC·,1111)PHEAO
WRITE(·, 1117)
READC·,1111)VELFIL
OPEl CUNIT-17,FlLE-INFIL,STATUS-'OLD')
OPEY (UYIT-16,FILE-OUTFIL,STATUS.'NEW')
OPEH CUNIT-19,FlLE-CONC,STATUS-'NEW')
OPEY CUHIT-20,FlLE-'HEAO,STATUS.'YEV')
OPEl CUHlr-23,FILZ-OHEAD,S!lTUS-'H£W')
OPEl (UHIT-24,FlLE-PHEAD,ST1TUS-'HEW')
OPEl (OYI!-25,FILE-VELFIL,STATUS-'YEV')
I,,;
1110 FORHATCSX,24HEHTER INPUT FILE NAME: ,$)
1111 FORHATCA10)
1112 FORHATCSX,24HEHTER OUTPUT FILE HAHE: ,t)
1113 FORHAT(5X,38HENTER CONCENTRATION OUTPUT FILE NAHE: ,$)
1114 FORMATCSX,41HENTER FRESH WATER HEAD OUTPUT FILE NAHE: ,$)
1115 rORHAT(5X,42HENTER OSMOTIC POTENTIAL OUTPUT FILE NAHE: ,$)
1116 FORHAT(5X,33HENTER PRESSURE OUTPUT FILE NAHE: ,$)
1117 FORHAT(SX,33HENTER VELOCITY OUTPUT FILE NAME: ,$)
C
C INITIALIZE ALL ARRAYS
CALL INIt
C
C CALL CONTROL DATA READ/WRITE
CALL CLREAD
C
C CALL TRANSPORT DATA READ/WRITE
CALL TREAD
C
C CALL FLOW DATA READ/WRITE
CALL FREAD
C
C CALL PROGRAM CONTROL PROTOCOL
CALL PROCOL
C
C
C CLOSE FILES
CLOSE (UNIT-1)
CLOSE (UHIT=2)
CLOSE (UNIT-17)
CLOSE (UHIT-16)
CLOSE (UNIT"'19)
CLOSE (UNIT-20)
CLOSE CUNIT-23)
CLOSE (oNIT224)
CLOSE (UNI'l'a2S)
STOP
END
C
c
••• ** •••• **** •••••••••• **.* ••••••••••••••••••••••••••• * •••••••••••••••
C
SOBROUTINE HODIFYCN,BCl
C
C •••••••••••••••*.** •••••••••••••• ** •••• **** ••••••• ** ••••••••••••••••••
C
C THIS SUBROUTINE MODIFIES THE TRIDIAGONAL COEFFICIENT HATRIX CAl FOR
C FIRST TYPE BOUNDARY CONDITIONS, ALTERING THE HATRIX (8)
C
$INCLUDE :'CPARM.TXT'
$INCLUDE :'TPARH.TXT'
$INCLUDE :'FPARH.TXT'
C
BOIl-BC
A(Y,2):al.O
C
C
IFOLEQ.l)THEN
B(2)-S(2)-BC·A(2,ll
A<1, 3) ..0.0
A(2 .. 1)-O.O
END IF
IF(Y.EQ.NUHNP)THEN
B(Y-l)-BCN-l)-BC·ACN-l .. 3)
ACY-l.3):aO.O
AC M.1>-O. 0
END IF
C
C
IFCN.GT.O.AYD.N.LT.NUMYP)THEY·
NlaY+l
NHl-Y-l
IF(NHl.GT.O) THEY
BCNH1)=BCNH1)-BC·A(NH1,3)
ACYH1.3)"O.O
END IF
BCN1)·BCN1)-BC·ACN1.l)
A( N.l> =0.0
ACN.3)"O.O
ACN1.l)-0.0
END IF
RETURN
END
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C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
SUBROUTINE PROCOL
C
C ••• **.*** •••••• *w •••••••••••• *** ••••••••••• * •••••••••••**.*** •••••••••
C
C THIS SUBROUTINE CONTROLS THE CALLING OF SUBROUTINES AND THE TIME
C AND ITERATIVE LOOPS TO SOLVE FOR CONCENTRATIONS AND FLUID PRESSURES
C AND OSMOTIC POTENTIALS WITH TIME.
C
$INCLUDE :'CPARH.TXT'
$INCLUDE :'TPARM.TXT'
$INCLUDE :'FPARM.TXT'
C
C SET THE ELEMENT VALUES OF KP AND MP TO CONSTANTS IF NIP-l
IFCNIP.EQ.l)THEH
DO 6 M-l-HUMEL
NM:sHATC M)
PKPCM1-TABKPCNH_1)
CMP(M)·TABMPCNM_l)
6 CONTINUE
END IF
C
C TWO BASIC FORMS OF THE GLOBAL MATRICES OCCUR IN THE F.E. EQUATIONS
C THESE BASIC FORMS CSKG.STG) ARE FORMED BY CALLING KTSTIF
C THESE CAN ONLY BE FORMED OUTSIDE THE INTERATIVE LOOP IF THE MATERIAL
C PROPERTIES ARE CONSTANT IE NIP-l
IFCNIP.EQ.llTHEN
CALL KTSTIF
END IF
C
C SET ITERATIVE CONCENTRATIONS AND OSMOTIC PO�ENTIALS TO INTIAL VALUES
DO 5 I:sl,NUMNP
CITCI1-<:U(I)
OPITCI)aOP1(I)
5 CONTINUE
C
II =0
TIME ..O.O
C BEGIN TIME LOOP
10 TIHE ..OT+TIME
lI:aII+1
C
C ALTHOUGH SOHE GLOBAL MATRICES THAT ARE INOEPENDANT OF THE ITERATION LOOP --­
C EH,EHH.EP,EPH (NOTE: THIS ONLY SO IF KH,KP,MV,MP ARE TAKEN AS INDEPENDANT
C OF CONCENTRATION, IE NIP -1) AND COULD ONLY NEED TO BE FORMED
C ONCE AS LONG AS OT IS CONSTANT, ESTIF WILL BE CALLED EVERY TIME IN CASE
C SOHE OF THE GLOBAL MATRICES HAVE BEEN ALTERED BY CHANGES IN COHPRESSIBLITY
C OF ELEMENTS INVOKED BY SWELLCHK
C
IFCYIP.EQ.l)THEN
CALL ESTI?
END IF
C THE ELEME�T AND GLOBAL STIFFNESS MATRICES MUST BE BUILT EVERY ITERATION
C IF NIP IS NOT EQUAL TO 1
IFCYIP.GT.l)THEN
CALL tABKPMP
CALL XTSTIF
CALL ESTIF
END IF
C
C UPDATE DENSITY MATRIX AND OSMOTIC POTENTIALS FOR NEW CONCENTRATIONS
CALL DENSIT
C
C SOLVE FOR FLUID POTENTIALS AND VELOCITES
CALL FLOSOL
C
C SOLVE FOR CONCENTRATIONS
CALL TRASOL
C
C CHECK TOLERANCES
IFeNIT.EQ.l)GO TO 50
BIG--999.
CHECX:a-999.
DO 30 I-l,NUMNP
TEHP-CT2(I)
IFCTEMP.GT.(O.OOOOl»THEN
CHECK:aABSCCCT2CI)-CITCI»/TEMP)
END IF
IFCCHECK.GT.BIG)THEN
BIGaCHECK
END IF
30 CONTINUE
C
WRITEC·,40)II,NIT,BIG
WRITEC16,40)II,NIT,BIG
40 FORMATe/,' TIME STEP',I3.' ITERATION',I3,' MAX. DIFFERENCE'
1,F10.4)
IFCBIG.LT.TOL)GO TO 80
C
C
C CHECK MAXIMUM NO. OF ITERATIONS LIMIT
IFCNIT.GE.ITHAX) THEN
WRITEC16.70) NIT
WRITEC·,70)NIT
70 FORMATC' SOLUTION DID NOT COVERGE AFTER',I3,'ITERATIONS')
CALL PRTOUTCII)
GO TO 101
END IF
C
C
C UPDATE TRIAL CONCENTRATIONS
50 DO 60 I-l,YUHNP
CITCI)-CT2(I)
60 CONTINUE
C
C RETURN FOR NEXT ITERATION
C
C OUTPUT CHECK
C CALL PRTOUTCII)
GO TO 20
C
C
•••• SOLUTION CONVERGES ••••
80 CONTINUE
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� �MV. AFTER SWELLCHK THE GLOBAL MATRICES ARE RECOMPILED BY CALLING KTSTIF.
CALL SWELLCHK
C
C PRINT RESULTS FOR THIS TIME STEP
CALL PRTOUTCII)
C
C CHECK IF STEADY STATE HAS BEEN REACHED
BIG2--999.
DO 90 N-1.NUHNP
TEHPwCT2CH)
IFCTEMP.GT.C.00001»THEN
DIFF-ABSC(CT2CN)-CT1CN»/TEMP)
END IF
IFCDIFF.GT.BIG2)BIG2=DIFF
90 CONTINUE
C
IF(BIG2.LT.STOL)THEN
WRITEC*.2000)
iR1TEC16.2000)
2000 FORMATC/II.' *--_ •• * STEADY STATE ACHEIVED •• *.**-')
GO TO 200
END IF
C
C UPDATE CONCENTRATION GUESS AND UPDATE OSMOTIC AND HYDRAULIC POTENTIALS
00 100 N:al.NUMNP
CIT(N)=CT2CN)+C(CT2CN)-CT1CN»/2.)
CTl(N)=CT2CN)
DTl( N) '"'DT2 ( N )
OPl(N)=OPIT(N)
FHl< N) ""FH2 C N)
100 CONTINUE
101 CONTINUE
C
C CHECK TOTAL ELAPSED TIME
IFCTIHE.LT.TOTIHlTHEN
DT=DT*TFAC
GO TO 10
END IF
200 RETURN
END
C
e ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
e
SUBROUTINE PRTOUT
C
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
C THIS SUBROUTINE PRINTS NODAL CONCENTRATIONS TO THE GENERAL OUTPUT FILE
C AND CONCENTRATION, FLUID HEADS, OSMOTIC POTENTIALS, AND FLUID PRESSURE
C TO SPECIFIC OUTPUT FILES FOR EACH TIME STEP
C
$INCLUDE :'CPARM.TXT'
$INCLUDE :'TPARM.TXT'
$INCLUDE :'FPARM.TXT'
C
DIMENSION PRESS(200)
C CALCULATION OF CONTAMINANT MASS SUM
SUM=O.O
00 10 H-l,NUMEL
NM-HATCM)
H1-H+1
CAVG-(CT2CM)+CT2CH1»/2.
RL-ABSCYCM)-YCH1»
SUH-SUH+CAVG·RL·PORCNH)
10 CONTINUE
C
C CALCULATION OF EXCESS PWP, PRESSURE HEAD
00 20 N-l,NUHNP
PRESS(Nl� FH2CN1-YCNl
20 CONTINUE
C
C OUPUT
WRITEC16,100)TIME
C WRITEC16,1101SUH,CCT2CI),Ial,NUHNP)
Ce WRITEC16,120)(PRESS(I),I=l,NUMNPl
Ce WRITEC16,130)CVELCI1,I-l,NUHEL)
WRITEC19,140)TIME,CCT2(I),I-l,NUHNP)
WRITEC20,140)TIME,(FH2CI),I-l,NUHNP)
C WRITE(23,140)TIME,(OPIT(I),I=1,NUMNP)
C WRITEC24,140)TIHE,(PRESSeI),Isl,NUHNP)
WRITEC25,150)TIME,(VELCI),I�1,NUMEL)
C
100 FORMATC//,16H ELAPSED TIME a ,E10.3, 'SEC',/40(lH·»
110 FORMATCI,' NODAL CONCENTRATIONS:',/,20(1H·),1
l' eTOTAL CONTAMINANT MASS ·',E10.3,')'I,5(F10.3»
120 FORMATe/I,' NODAL PRESSURES:'I,16(1H·)/,5(FIO.3»
130 FORMATe/I,' ELEMENT VELOCITES:'1,18C1H·)/,5(E10.3»
140 FORHAT(/IE10.3,/S(E10.3»
lS0 FORMATCIIEIO.3,/S(EIO.3»
RETURN
END
C
c ••• **** •••••••••• **.*** •••••••••••••••••••••• *** •• ** ••••••••••••••••••
C
SUBROUTINE RSTIF
C
C •••••• *** ••••••••••••••••••• ** ••• *••••••••••••••••••••• *••••••••••••••
C
C THIS SUBROUTINE FORMS THE R GLOBAL MATRIX FOR THE TRANSPORT EQUATION
C
$INCLUDE :'CPARM.TXT'
$INCLUDE :'TPARH.TXT'
$INCLUDE :'FPARH.TXT'
C
DIMENSION RE(2,21,RTE(2,2),VE(2,21
C
C SET ELEMENT MATRIX VALUES
RTEll.l) "'1-
RTEll, 2) "-1-
RTEC2,1)"-I.
RTEC 2, 2)-1-
YEO. 1) --I.
VE<l.2)al.
VEC2,11--1.
VEe 2. 21 ..1.
C
C INTIALIZE R MATRIX
DO 10 J"'I.3
00 10 I:ool,NUMNP
RCI,J)-O.O
10 CONTINUE
C
DO 20 M-l;NUMEL
Ml:oM+l
NM-HAT(M)
RL-ABSCYCH)-YCH1»
DR-o(MI/(RTRD(NM)·RL)
VR-VELCKl/(RTRDCNH)·2.)
C
C FORM ELEM MATRIX
00 30 1:01.2
DO 30 J-l.2
RECI,J)-RTE(I,J)·OR+VE(I,J)·VR
30 CONTINUE
C
C ADO ELEMENT MATRIX INTO GLOBAL R MATRIX
00 40 II .. l,2
I-II+H-l
DO 40 JJ.l.2
J-JJ-II+2
R(I,J)·R(I,J)+RE(II,JJ)
40 CONTINUE
20 CONTINUE
RUURN
c
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c ••••••••• ** ••••••••••••• ** •• * •• *-** •• ** •• *** •• * ••• ****.*** •• **.* •• * •• -
C
SUBROUTINE SWELLCHK
C
C ******.*******.*******.**********.**********.*************************
C
C THIS SUBROUTINE CHECKS FOR EVERY ELEMENT WHETHER THE NET FLOW OUT OFF THE
C ELEMENT IS POSTIVE (CONSOLIDATION) OR NEGATIVE (SWELLING). IF IT IS
C NEGATIVE THEN THE VALUE OF THE SWELLING COEFFICIENT CMS IS STORED IN THE
C THE ELEMENT MATRIX CLH IN PLACE OF THE COMPRESSIBLITY CMS FOR THAT ELEMENT.
C THE STIFFNESS MATRICES ARE THEN REFORMED BY CALLING KTSTIF.
C
$INCLUDE :'CPARH.TXT'
$INCLUDE :'TPARH.TXT'
$INCLUDE :'FPARH.TXT'
C
C CHECK TO TOP AND BOTTOH ELEHENTS SEPARATELY
NMaMATCl)
IF«VEL(2)-VEL(1».LT.O)THEN
CLH(1)aCMS(NH)
ELSE
CLHel)aCMV(NH)
END IF
C
NH1=NUMEL-l
NH-HAT(NUHEL)
.
IF(eVEL(NUHEL)-VELeNH1».LT.0)THEN
CLHeNUHEL)aCHSCNH)
ELSE
CLHeNUMEL)=CHV(NH)
END IF
C
C CHECK ELEMENTS 2 TO NUMEL-l
NM1�NUMEL-l
00 10 I-2.NHl
NH "'HAT ( I)
IP1"'I+l
IH1-I-1
IF«VEL(IP1)-VELCIH1».LT.O)THEN
CLH (I) -CHS o,IM)
ELSE
CLH(I)aCHV(NM)
END IF
10 CONTINUE
CALL KTSTIF
C
C
RE1'URN
END
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C •••••••••••••••••••••••••••••••
* •••••••••••••••••••••••••••••••••••••
C
SUBROUTINE TABKPMP
C
C .* •••••••• ** ••••••••••• !
•••••••••• * ••••••••••••••••••••••••••••••••••
C
C THIS SUBROUTINE DEFINES THE ELEMENT OSMOTIC PERMEABILITIES AND
C COHPRESSIBILITES BASED ON A TABLE FORM OF CONCENTRATION VS THESE VALUES
C FOR EACH MATERIAL. IT LOCATES THE INTERVAL OF CONENTRATION IN THE
C TABLE WHICH BORDERS THE AVERAGE ELEHENTAL CONCENTRATION. THE VALUE OF
C KP IS THEN INTERPOLATED. THE VALUE OF MP IS TAKEN AS THE VALUE AT THE
C LOWER END OF THE INTERVAL
C
$INCLUDE :'CPARM.TXT'
'INCLUDE :'TPARH.TXT'
$INCLUDE :'FPARM.TXT'
C
DIMENSION CAVG(100)
C
C CALCULATE THE AVGERAGE ELEMENTAL CONCENTRATIONS
DO 10 I=l.NUHEL
CAVGCI)-(CIT(I)+CIT(I+1»/2.
10 CONTINUE
c
C INTERPOLATE THE ELEMENTAL PKP AND CMP VALUES
C
DO 100 Hal.NUHEL
NH-MATCH)
C FIND THE APPROPRIATE CONCENTRATION INTERVAL
DO 20 N,.2.NIP
IF(CAVG(M).LT.CTABCNH.N»THEN
KaN-l
PK-TABKP(NK.K)
PN-TABKP(NH.N)
RATIO-CCAVGCH)-CTABCNM.X»/CCTAB(NH.N)-CTAB(NM.K»
PKP(M)=PK+RATIO·(PN-PK)
CHP(H)aTABMP(NH.K)
GO TO 100
END IF
20 CONTINUE
100 CONTINUE
C
RETURN
END
c ••••••••• ** ••••• ** ••••• *** •••••• ** •• *** •••••••••••• ** •••••••••••••••••
C
SUBROUTINE TRASOL
C
C •••••••••••••••••••••••••••••••••••••••••••••••••• ** ••••••••••••••••••
C
C THIS SUBROUTINE UPDATES THE CACULATIOY OF THE ELEMENTAL DIFFUSION
C COEFFICIENT. THEN FORKS THE GLOBAL R MATRIX. COMBINES THE RIGHT AND
C LEFT SIDES OF THE TRANSPORT EQUATION, ADDING IN THIRD TYPE B.C OR
C MODIFYING FOR FIRST TYPE B.C. AND THEN SOLVING FOR CONCENTRATIONS
C
$INCLUDE :'CPARM.TXT'
,IYCLUDE :'TPARK.TXT'
'INCLUDE :'FPARH.TXT'
C
C CALCULATE THE NEW ELEMENTAL DIFFUSION COEFFICIENT
00 10 M-l.YUKEL
NH-HAT(H)
AVEL-ASS(VEL(M»
D(H)-AL(YM)·AVEL+DD(NM)
10 CONTINUE
C
C INITIALIZE A AND B MATRICES
00 15 I-l,NUHNP
B(I)-O.O
00 15 Jal,3
ACI.J)"O.O
15 CONTINUE
C
C FORM GLOBAL R MATRIX
CALL RSTIF
C
C SET INTO B MATRIX ALL CONTAMINANT FLUXES aT THESE ARE MODIFIED
C FOR B.C
00 8 Ial,NUKNP
B( I) :.OTC I)
8 CONTINUE
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C ADD IN THIRD TYPE BOUNDARY CONDITIONS
IFCKT1.EQ.O)THEN
RC1.21·RC1.2)+VELC1)
NH1-HATC 1)
BCll�F(1)*QT(11/POR(NH1)
END IF
IF(XTY.EQ.OITHEN
R(NUHNP.2)aRCNUHNP.2)+VEL(NUHEL)
NH2aHAT(NUHEL)
BCNUHNPlaQF(NUMNP)*QT(NUHNP)/POR(NH2)
END IF
C
C FORM RIGHT SIDE (A) AND LEFT SIDE (B) GLOBAL COEFF MATRICES
DO 20 I-l.NUMNP
DO 20 JJ:ool.3
J-I-2+JJ
IFeJ.GT.O)THEY
BCI)-SCI)+CC-1.+ET)*RCI.JJ)+STTCI.JJ)/DT)*CT1(J)
ACI,JJ)·ET*RCI,JJ)+STTCI.JJ)/DT
END IF
20 CONTINUE
C
C MODIFY
IFCXT1.EQ.llTHEN
CALL MODIFYC1.QT(1»
END IF
IFCXTN.EQ.l)THEN
CALL HODIFYCNUHNP,QTCNUHNP»
END IF
C
C SOLVE FOR CONCENTRATIONS
CALL TSOLVECO)
C
DO 30 I-l,NUHYP
CT2CI'=BCI)
30 CONTINUE
RETURM
END
C
C ••••••••••••••••••••••••••• * ••• * •••• **.******.******* •••••••••• **.***.
C
SUBROUTINE TSOLVE(KS)
C
C •••••• **.**** •••• * •••• ***.**.*** ••••••• ** •••••••• ** •••••• *••••••••••••
C
C THE SOLUTION IS OBTAINED IN THIS ROUTINE BY THE THOMAS METHOD FOR A
C TRIDIAGONAL SYMMETRIC OF NON-SYMMETRIC MATRIX EQUATION OF THE FORM
C A X = B. FOR THE SOLUTION OF THE FLOW EQUATION, DECOMPOSITION OF
C THE A MATRIX IS ONLY REQUIRED ONE PER TIME STEP IF KH AND KP ARE
C INDEPENDANT OF CONCENTRATION
C
$INCLUDE :'CPARM.TXT'
$INCLUDE :'TPARM.TXT'
$INCLUDE :'FPARM.TXT'
C
DIMENSION OECA(201,3)
C
C DECOMPOSITION
IF(KS.EQ.l.AND.NIT.GT.l) THEN
DO 10 J-l,3
DO 10 I-1,NUMNP
A( I,J) otQECA( I,J)
10 CONTINUE
GO TO 40
END IF
C
C
DO 20 Ia2,NUMNP
A(I,I)aA(I,1)/A(I-l,2)
ACI,2)aACI,2)-(ACI,1)*ACI-1,3»
20 CONTINUE
IF(XS.EQ.l.ANO.NIT.EQ.l)THEN
DO 30 J-l,3
00 30 I-l,NUMNP
OECA(I,J)"'A(I,J)
30 CONTINUE
END IF
C
C SOLVE
C FORWARD SUBSTITUTION
40 DO 50 Ia2,NUMNP
8CI)aBCI)-(ACI,1)·BCI-l»
50 CONTINUE
C
C BACKWARD SUBSTITUTION
B(NUMNP)-S(NUMNP)/A(NUMNP,2)
00 60 I-2,NUMNP
J-YUMNP-I+1
B(J)·(B(J)-(A(J,3)*B(J+1»)/A(J,2)
60 CONTINUE
RETURN
END
C
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C •••••••••••••••••••••••••••••••••••••••••• *•••••••••••••••••••••••••••
C
SUBROUTINE TREAD
C
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C
C THIS SUBROUTINE READS IN THE MATERIAL PROPERTIES AND IHTIAL AND
C BOUNDARY CONCENTRATION AND FLUXES FOR THE SOLUTION OF THE TRANSPORT
C EQUATION
C
'INCLUDE :'CPARM.TXT'
$INCLUDE :'TPARH.TXT'
$INCLUDE :'FPARM.TXT'
C
C MATERIAL PROPERTIES FOR POR,AL.RTRD,OD ARE READ IN FREAD. FOR
C
WRITEC16.200)
00 3 I-I,NUHAT
READC17,lOO)PORCI),ALeI),RTRDeI),OOeI)
WRITEe16,202)POR(I),ALeI),RTRO(I),OO(I)
3 COHTIHUE
C
C READ IN INITIAL CONCENTRATION AND BOUNDARY CONCENTRATIONS
REAoe17,120)I,CTIeI),QTCI)
5 READ(17,120)J,CT1(J),QTeJ)
IFe(J-I).GT.l)THEN
IP-I+l
ON-.J-I
DCa(CT1eJ)-CT1(I»/DN
OQ-eQTeJ)-QTCI»/DN
JH-.J-l
00 10 K-IP,JH
CT1CK)aCT1CK-l)+DC
QTCK)-QT(X-l)+OQ
10 CONTINUE
ELSE
END IF
IsJ
IFCI.LT.NUMNP)THEN
GO TO 5
END IF
WRITEC16,2l0)CI,CT1CI),QTCI),I·1,NUHNP)
C
C
C tttltllftlft##lflfffl#ltfftttfftftfffffftfttl##ttfttf#ttttffttflllfttt
C FORHAT
100 FORMAT(3F10.2,E10.2)
120 FORMATCIS,2F10.2)
C
C
200 FORMAT(II.32H TRANSPORT MATERIAL PROPERTIES: ,/,32CIHf),11
133H POR AL RTRO DO ,/33(lH-»
202 FORMATC3(2X,FS.2).EIO.2)
210 FORHAT(//,39H INITAL NODAL CONCENTRATIONS AND B.C.: ,/3ge1H·),/SX
l' (YOOE.INIT. CONC.,B.C)'11,2CIS.2FIO.2»
RETURN
END
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B.5.2 VELFIL
tnofloatcalls
C ••••••••••••••••••••••••••••••• * ••••••••••• ** ••••••••••••••••••••••••
C V!LP'IL
C VELFIL IS A DATA MA�IPULATIOY PROGRAM. IT TAKES THE ELEMEYT VELOCITY
C FILE (IYTERSTITIAL VELOCIIES) FROH THE OSH02 SIHULATION AND TRANSFORMS
C THEM INO O�E OF THE FOLLOWING FORMS:
- DISPLACEMEYT(CM) VS TIME (MIY)
C
- CUMMULATIVE BASE FLOW (CM3) VS TIME
C
- BASE AND TOP VELOCITIES VS TIME
C THE REQUIRED INPUT DATA IS THE NAME OF INPUT AND OUTPUT FILES, THE
C NUMBER OF TIME GROUPS. ELEMENTS AND THE POROSITY OF THE FIRST AND LAST
C ELEMENTS
C
C
•• ••• TIME IS OUTPUT IN MINUTES TO COMPARE WITH TEST DATA····
C····· DEFLECTION IS OUTPUT IN CM TO COMPARE WITH TEST DATA
••
C
IMPLICIT REAL·8 (A-H,O-Z)
DIMENSION V(310),Vl(lOS),YN(lOS),T(lOS),QBTOT(10S)
DIMENSION DISP(lOS)
C
C ff""'t.ttt'tttttttttt""ttt,tttttt't"tttftttftttt##tttttttttttttttttt
C OPEN FILES FOR INPUT OF INTERSTITIAL VELOCITIES, AND OUTPUT OF DEFLECTIONS
C AND FLOW
CHARACTER*12 INFIL.FLOFIL.DEFFIL.TITLE
WRITE( ·,111)
READ(*,1111)INFIL
WRITE(*,112)
READ(*.llll)FLOFIL
WRITE( * ,113)
READ(*.llll)DEFFIL
C
OPEN(UNIT�20.FILEaINFIL.STATUSa'OLD')
OPEN(UNITa21.FILEaFLOFIL.STATUS-'NEW')
OP!N(UNITa22,FILE=DEFFIL,STATUS-'NEW')
C
111 FORHAT(SX,32HENTER INPUT VELOCITY FILE NAHE: ,$)
U11 FORMAT(A12)
112 FORHAT(SX.34HENTER OUTPUT BASE FLOW FILE NAME: ,$)
113 FORHAT(5X,35HENTER OUTPUT DEFLECTION FILE NAME: ,$)
C t_.ftttttttttttt#'I'j••�t'tt#t••t.ttttltt.tt#ttttt.t.1ttl.tflflltlfl
C
C READ HUMBER OF DATA GROUPS TO ALTER, NUMBER OF NODES, SOIL POROSITY
C READ TITLE
WRITE(*,4)
4 FORMAT('TYPE IH TITLE OF SIMULATION')
READ(*,1111)TITLE
WRITEC21,98)TITLE
98 FORMATCA12)
iRITEC22.98)TITLE
WRITE(*,S)
5 FORHAT('TYPE IN 90.0F GROUPS,NUMEL.SOIL POROSITY: ELEM 1 AND N')
REAO(*,·)NG.NUHEL.POR1.PORN
VRITE(*.6)
6 FORMAT('TYPE IN AREA OF SAMPLE (CM2)')
READ C * ,
*
) AS
C
WRITE(*.lS)NG.NUKEL,POR1.PORN
15 FORHATC'YO OF GROUPS-',IS.'NUHEL -',I5,'SOIL POROSITY:',
l' ELEH 1 -',FS.2.'ELEH N -',FS.2)
C READ GROUPS OF DATA AND OUTPUT THEM TO OUTFIL
DO 20 I-l.NG
R!AO(20.19)T(I)
19 FORMATCIIE10.3)
READ(20.30) (V(J),J-1.NUMEL)
30 FORMAT(5(FIO.3»
VlICI)-V(9UHEL)
V1CI)-V(l)
20 CONTINUE
C WRITE VELOCITIES. FLUXE� A�O TOTOL FLUXES
C WRITEC2l.4S)
C 4S FORHATCIH .1.' TIME NI VEL
C 1 DO ON ',I,80(IH*»
VU-O.O
VYI-O.O
u-O.O
01-0.0
ON-O.O
DO 40 I-l,NG
DT-TCI}-TI
DIO-CVII+V1CI»/2.*DT*POR1
DYO-CVYI+VY(I»/2.*DT*PORY
C FOR FIRST TIME INCREMENT USE FULL VELOCITY
IFCI.EO.l)THEN
010-010*2.
DYQ-DNO*2.
ELSE
END IF
01-01+010
QN-OY+DNQ
DISPCI)-COI-ON)
C KEEP TOTAL OF BASE FLUX TOTAL CCM3/CM2)
QBTOTC I ) aol
C
C WRITEC21,SOlTCI).V1CI1,OlO,Ol,VNCI),DNO.QN
C 50 FORHATCE10.3,2CE10.3,2F10.S»
VlI-Vt( I)
VYI-YYCI)
TI-TCI )
40 CONTINUE
DO 01 NN VEL
OVER FIRST OT
C
C PRIYT OUT VELOCITY TIHE
C REDUCE TIME TO MINUTES AND DEFL TO CM., AND BASE FLOW TO CM3
DO 43 I:orl,NG
QBTOTCI)=QBTOT(I)*lOO*AS
DISPCI)·OISPCI)*lOO.
TU )"'TC I) 160.
43 COYTINUE
C
C WRITEC21,60)(T(I),VICI),I-1,NG)
C 60 FORMAT(lH ,'"BOTTOM VELOCITIES". ',I,5ClX,E10.3,',',EIO.3»
C WRITEC2l.61)CTCI),VNCI),I-1,YG)
C 61 FORHAT(lH ,'"TOP YELOCITES".',I,S(lX.E10.3,',',EI0.3»
C .ttt•••tt.ttttttltt###ttt##ttt,tl
C PRINT OUT TIME YS DISPLACEMENT
WRITEC22,SB)
58 FORMATC1H ,'X LABEL "TIME (MIN)". ',1,' Y LABEL "DEFLECTION (CM)".',
1/,' X AXIS IS LOG. ',1,' INPUT DATA. ')
WRITEC22,70)(TCI),DISP(I),I-l,NG)
C , •••••••••• ,•••• ,••••••••••••••••••••••
C WRITE OUT CUMHULATIVE BASE FLOW VS TIME
WRITEC21,59)
59 rORMATC'CUHHULATIVE BASE FLOW VS TIME')
WRITEC21,71)CTCI),QBTOTCI),Ial,NG)
71 FORHATCEIO.3,',',EIO.3)
10 FORHATCE10.3,',',EIO.3)
C
iRlTEC21,lOl)
IRI'rEC22,10-1)
101 FORMATCIH ,'EYD OF DATA. I)
CLOSECUNIT-20)
CLOSE C UNIT-2l )
CLOSECUYIT-22}
DID
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B.5.3 TELFIL
C
DIMENSION C(200),XC2001
CHARACTER·12 INFIL,OUTFIL
WRITEC·,111)
READC·,1111)INFIL
WRITEC·,l12)
READC*,1111)OUTFIL
C
OPENCUNITa20,FILE�INFIL,STATUSa'OLD')
OP!N(UHITa21,FILEaQUTFIL,STATUS�'NEW')
C
111 FORMAT(5X,24HENTER INPUT FILE NAHE: ,$)
1111 FORHAT(A12)
112 FORMAT(5X,24HENTER OUTPUT FILE NAME: ,$)
C
C READ NUMBER OF DATA GROUPS TO ALTER, NUMBER OF NODES, OX
WRIT! ( ·,5)
5 FORMATC'TYPE IN NO.OF GROUPS,NUHNP,DX')
READ(*,*)NG,NUMNP,OX
C 10 FORHAT(I5,I5.F5.2)
C
WRITE(·,l5)NG.NUHNP,DX
15 FORMAT('NO OF GROUPS·',I5,'NUMNP -',I5,'DX =',F5.2)
C READ GROUPS OF DATA AND OUTPUT THEM TO OUTFIL IN TELAGRAPH
C FORHAT
C PRINT INPUT DATA. STATEMENT
WRITE(21,39)
39 FORHAT(12HINPUT DATA. )
ISS"O
DO 20 I-l,NG
READC20,19)TIME
19 FORHATCIIElO.3)
11ME.:oTIHE/60.
READ(20,30)(C(J),J=1.NUMNP)
C INTERACTIVE SELECTION OF TIMES TO PLOT( LAST IS MANDATORY)
IFCI.EQ.NG) GO TO 31
WRITE(·,34)TIME
34 FORMAT('DO YOU WANT TIME a ',E10.3,' (MIN)? (1-Y,0=NO,2=SS)')
C ISS IS CONTROL FOR STEADY STATE VALUES ONLY
IF(ISS.EQ.1)GO TO 20
READ ( ·,33) 101
33 FORHAT(I5)
IF{1Ql.EQ.2) THEN
ISS-1
GO TO 20
END IF
IF{IQ1.EQ.0) GO TO 20
30 FORHAT(5(F10.3»
31 COfl1TUlUE
C
C OUTPUT TO TEL FILE
DO 40 N-l,YUMNP
XUn-(Y-l)·DX
40 CONTIYUE
WRITE( 21, 49) TIME
49 FORHATC '''T. ',E10.3,'(M1N)"')
WRIT!(21,50)(X(Y),CCN),N-1,NUHNP)
50 FORHATCF7.3,',',F7.3)
C
20 CONTIYUE
C WRITE END OF DATA.
WRIT!e2l,60)
60 FORMAT('END OF DATA.')
CLOSE(UYIT-ZO)
CLOSE ( UYIT-2l)
DID
8.5.4 NODVAL
c ••••• **.***.****** ••**.* •• ** •• ** ••••• ** •••• **** ••• ** ••••• *_ ••••••••
t.
C NODVAL
C NODVALIS A DATA MANIPULATION PROGRAM. IT TAKES ANY OUTPUT FILE AND
C ASSEMBLES THE VALUE OF A PARTICULAR NODE WITH TIME
C
IMPLICIT REAL-S CA-H,O-Z)
DIMENSION NODES(10),VALNODC100,10),V(100),T(100)
C
C
C jj#f#t##ttt###ttt#tttttttttt#####################t########t##t###t##tft##
C OPEN FILES FOR INPUT OF INTERSTITIAL VELOCITIES, AND OUTPUT OF DEFLECTIONS
C AND FLOW
CHARACTER*12 INFIL.OUTFIL.TITLE
WRITEC * .111)
READ(*.1111)INFIL
WRITE( *,112)
READC*,llll)OUTFIL
OPENCUNIT=20.FlLE=INFIL.STATUS='OLD')
OPEN(UNIT�21,FILE=OUTFIL.STATUS='NEW')
C
111 FORMAT(SX.'ENTER INPUT FILE NAME: ',$)
1111 FORMAT(A12)
112 FORMAT(5X.'ENTER OUTPUT FILE NAME: ',$)
C
C f#ttt###tf###########t############t###############,#################
C
C READ NUHBER OF DATA GROUPS TO ALTER, NUMBER OF NODES
C READ TITLE
WRITE(*.4)
4 FORMAT('TYPE IN TITLE OF SIMULATION')
READ(*,llll)TITLE
WRITE(21,98)TITLE
98 FORMATCA12)
WRITE(*.5)
5 FORMAT('TYPE IN NO.OF GROUPS.NUHNP')
READ(*,*)NG,NUMNP
C READ IN NODES FOR WHICH VALUES TO BE ASSEBLED
WRITEC*,6)
6 FORMAT('NO. OF NODES TO ASSEMBLE VALUES FOR?')
READ(*,*)NN
WRITE(*,7)
7 FORMATC'TYPE IN NODES FOR WHICH VALUES WITH TIME TO BE ASSEMBLED')
DO 8 I=1,NN
READ(*,*)NODESCI)
8 CONTINUE
c
C READ GROUPS OF DATA AND OUTPUT THEM TO OUTFIL
DO 15 I '" 1,NG
READ(20,19) T(I)
19 FORHATCIIEIO.3)
READ(20.30) (VCJ).J=l.NUMNP)
30 FORHATCSF10.3)
DO 16 NI .. 1.NN
NOO=NODESCNI)
VALNOD(I.NI)=V(NOD)
16 CONTINUE
1S CONTINUE
C
C PRINT OUT TIME VS NODAL VALUES
WRITE(21,58) TITLE
58 FORHATC1H ,A12)
WRITE(21,59) (NOOES(N).N=l,NN)
59 FORMAT(lH ,'OUTPUT NODES:',I,lOX,lOCI5,5X»
DO 61 I"l.NG
WRITE(21,60) TCI),(VALNODCI,N),N=l,NN)
60 FORHAT(E10.3,10F10.3)
61 CONTINUE
CLOSECUNIT=20)
CLOSE ( UNIT=211
STOP
END
c
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C.I Calibration of Soil Moisture Pressure Gauges
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DEAD LOAD TESTER - PRESUREMENTS LTD, BROOKMANS PARK, EN
APPLIED SETUP 1
PRESSURE GAUGE
(KPA) (BAR)
o
10
20
30
40
50
60
70
80
o
0.095
0.198
0.3
0.4
0.5
0.6
0.7
0.8
SETUP 2
GAUGE
(BAR)
0.02
0.12
0.22
0.32
0.418
0.51
0.618
0.71
0.815
SETUP 2
ADJUSTED
(BAR)
o
0.1
0.298
0.695
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Table C.l Specifications Sheet for Windsor Fine
Granu 1 a ted Sa It
iEOINlCAL MTA SHEET IV-He)
EX: Regina
11 802 20 kg
11 801 - '10 kg
112g02 - Tote
112002 - Bulk
1120iO - Bulk
Table c.i
FINE <::RAH..JLATED SALT
Chemical Analysis
calcium Sulphate
calcium Chloride
VBgnesiunChloride
Potassium Chloride
Fi I ter Pad - .� Test
Iron
Copper
.\bi sture
Net Salt - Dry Basis
Added: anti-caking agent
Yellow prussiate of soda
Screen Analysis
.
U.S.
Standard
Ol Vesh 20
30
40
50
60
60Pass Vesh
Other Data
Opening
�
850
600
425
300
250
250
TY2ical Limi ts
0.03 %
0.04 %
0.02 %
0.6 %
O.�O �
0.4 ppn
0.3 ppn
0.03 %
99.30 % 99.2 % min
3.0 ppn 13.0 ppn max
Typical Limi ts
% %
0 2 max
o - 5
30 - 50
35 - 55
5 - 20
o - 15 20 max
i. A screened, vacu�evaporated cube salt. Particular suitable for use
in au tora t i c br i nerraker sy s tems , Avai lable on special order, wi t hou t
VPS, IJ800 - '.0 kg, 11230 I - to te and 11200 I - bu I k ,
�. Sulk Density - Packed: 1220 to 1300 kg/mJ (76 to 81 Ib/ft3).
3. Crystal Surface Area per kg (est.) 7.7 m2 - (84 ft2).
4. �te of solution (Swift Test) 55 to 75 %.
5. Vbrt�n name of equivalent �rade
- Purex Salt.
6. Avai lable in 20 & 40 k� bags; tote and bulk.
7. This is our general purpose evaporated salt.
�. IIS00, HSOI & 0802 are approved for Kosher and supervised for Passover,
Kashruth registration GCR 92-P.
\larch 1985
9. Conforms to Canada Food .� Dru� Regu la t ions, and Food Chemical <; Codex.
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DD1 Consolidation Summary Sheets
CONSOLIDATION SUMMARY SHEET
SAMPLE: REGINA CLAY 1
BASE DATA:
SAMPLE AREA: 31.67
RELATIVE DENSITY: 2.8
FINAL CONC(pt) SOl'N: 3.5
CONC. WATER (GM/L): 927. B
CALCULATED DATA:
WEIGHT WATER:
APPARENT W/C:
VOLUME SOL'N:
WEIGHT SALT:
TRUE w/e:
29.33
50.01%
31.61241
6.472642
56.21%
END Of TEST DATA:
WEIGHT TOTAL: B7.98
WEIGHT DRY: 58.65
rINAl SAMPLE HEIGHT: 1.3392
TRUE WEIGHT SOLIDS: 52.17735
HEIGHT SOLIDS: 0.588404
HEIGHT SOL'N: 0.750795
fINAL VOID RATIO: 1.275985
fINAL w/e: 42.28%
APPLIED STRESS 0100 CORRECTED
READING READING
Ctl Ctl
o
7.9
23.3
54.3
103.8
202.9
202.9
1.643
I.S56
1.429
1.3415
1.206
1.1513
1.6435
1.5645
1.443
1.3345
1.232
1.17713
DEflECTION VOID WATER POROSITY
RATIO CONTENT
%
0.46577 2.067566 73.84 0.674008
0.38677 1.933305 69.05 0.659087
0.26527 1.726814 61.67 0.633271
0.15677 1.542417 55.09 0.606673
0.05427 1.368217 48.86 0.577741
o 1.275985 42.28 0.560629
0.038945
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CONSOLIDATION SUMMARY SHEET
SAMPLE: REGINA CLAY 1
BASE DATA:
SAMPLE AREA: 31.67
RELATIVE DENSITY: 2.8
fINAL CONC(M) SOL'N: 3.5
CONC. WATER (GK/Ll: 927.8
CALCULATED DATA:
WEIGHT WATER:
APPARENT W/C:
VOLUI1E SOL'N:
WEIGHT SALT:
TRUE W/C:
29.33
50.01%
31.61241
6.472642
56.211
END OF TEST DATA:
WEIGHT TOTAL: 87.98
WEIGHT DRY: 58.65
FINAL SAMPLE HEIGHT: 1.3392
TRUE WEIGHT SOLIDS: 52.17735
HEIGHT SOLIDS: 0.588404
HEIGHT SOL'N: 0.750795
fINAL VOID RATIO: 1.275985
FINAL W/C: 42.28%
APPLIED STRESS 0100 CORRECTED
READING READING
CI1 CIf
o
7.9
23.3
54.3
103.8
202.9
202.9
1.643
1.556
1.429
1.3415
1.206
1.1513
1.6435
1. 5645
1.443
1.3345
1.232
1.17773
DEflECTION VOID WATER POROSITY IV
RATIO CONTENT IkPa
%
0.46577 2.067566 73.84 0.674008
0.38677 1.933305 69.05 0.659087 2.84E-03
0.26527 1.726814 61.67 0.633271 2.27E-03
0.15677 1.542417 55.09 0.606673 1.37E-03
0.05427 1.368217 48.86 0.577741 6.91E-04
o 1.275985 42.28 0.560629
0.038945
CONSOLIDATION SUMMARY SHEET
SAI'IPLE: REGINA CLAY 2
BASE DATA:
END OF TEST DATA:
SAMPLE AREA: 31.67
RELATIVE DENSITY: 2.8
FINAL CONC(I'!) SOL'N: 3.5
CONC. WATER (GI1/L): 927.8
WEISHT TOTAL: 58.52
WEIGHT DRY: 41.51
FINAL SAI'!PLE HEIGHT: 1.0297
CALCULATED DATA:
WEIGHT WATER:
APPARENT W/C:
VOLUME SOL'N:
WEIGHT SALT:
TRUE W/C:
17.01
40.98%
18.33369
3.753823
45.05%
TRUE WEIGHT SOLIDS: 37.75617
HEIGHT SOLIDS: 0.425776
HEIGHT SOL'N: 0.603923
FINAL VOID RATIO: 1.418403
FINAL W/C: 47.00%
APPLIED STRESS 0100 CORRECTED DEFLECTION
READING READING
Ctl CI'I
VOID WATER POROSITY IV
RATIO CONTENT IkPa
%
------------------------------------------------�---------------------------------------------
0
7.75 2.0775 2.0834 0.3747 2.298442 82.09 0.696826
15.5 2.0275 2.0365 0.3278 2.188290 78.150.6863524.31E-03
23.25 1.986 1.9991 0.2904 2.100451 75.02 0.677466 3.SSE-03
52 1.8902 1.9117 0.203 1.895179 67.68 0.654598 2.30E-03
101.6 1.8035 1.833 0.1243 1.710340 61.08 0.631042 1.29E-03
200.7 1. 72 1. 7587 0.05 1.535836 54.85 0.605652 6.50E-04
200.7 1.67 1.7087 o 1.418403 47.00 0.586504
0.046309
CONSOLIDATION SUMMARY SHEET
SAMPLE: REGINA CLAY 3
BASE DATA:
SAMPLE AREA:
RELATIVE DENSITY:
FINAL CONC(K) SOL'N:
CONC. WATER (GK/L):
CALCULATED DATA:
WEIGHT WATER:
APPARENT W/C:
VOLUME SOL'N:
WEIGHT SALT:
TRUE w/e:
31.67
2.B
3.5
927.8
36.16
37.B7%
38.97391
7.979909
41.32%
END OF TEST DATA:
WEIGHT TOTAL:
WEIGHT DRY:
FINAL SAMPLE HEIGHT:
131.65
95.49
2.28
TRUE WEIGHT SOLIDS: 87.51009
HEIGHT SOLIDS: 0.986852
HEIGHT SOL'N: 1.293147
fINAL VOID RATIO: 1.310376
fINAL W/C: 43.42%
APPLIED STRESS DI00 CORRECTED DEFLECTION
READING READING
CK eM
o
7.75 1.712 1.7443
23.23 1.483 1.5153
46.5 1.281 1.3209
108 1.102 1.1527
199.4 0.894 0.9531
199.4 0.8857 0.9448
VOID WATER POROSITY IV
RATIO CONTENT IkPa
Z
0.7995 2.120528 75.73 0.679541
0.5705 1.888477 67.45 0.653796 4.80E-03
0.3761 1.691487 60.41 0.628458 2.93E-03
0.2079 1.521046 54.32 0.603339 1.03E-03
0.0083 1.318787 47.10 0.568740 8.78E-04
o 1.310376 43.42 0.567170
0.003627
D5
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CONSOLIDATION SUMMARY SHEET
SAI'IPLE: REG I NA CLAY 4
BASE DATA:
SAMPLE AREA: 31.67
RELATIVE DENSITY: 2.8
fINAL CONC(I'I) SOL'N: 4.5
CONC. WATER (GM/l): 905.2
CALCULATED DATA:
.
WEIGHT WATER:
APPARENT w/e:
VOLUI'IE SOL'N:
WEIGHT SALT:
TRUE W/C:
7.01
36.681
7.744144
2.038646
41.061
END or TEST DATA:
WEIGHT TOTAL: 26.12
WEIGHT DRY: 19.11
FINAL SAMPLE HEIGHT: 0.46
TRUE WEIGHT SOLIDS: 17.07135
HEIGHT SOLIDS: 0.192513
HEIGHT SOL'N: O.26i486
FINAL VOID RATIO: 1.389439
fINAL W/C: 44.92%
DEFLECTIONAPPLIED STRESS DI00 CORRECTED
READING READING
Cit Cit
o
11.2
26.7
50
96.4
200
200
1.5419
1.4848
1.444
1.403
1.355
1.329
1. 54� 9
1. 4955
1.463
1.431
1.3919
1.3659
VOID POROSITY IV
RATIO IkPa
0.176 2.303659 0.697305
0.1296 2.062637 0.673484 4.71E-03
0.0971 1.893818 0.654435 2.37E-03
0.0651 1.727596 0.633376 1.24E-03
0.026 1.524494 0.603881 7.I9E-04
o 1.389439 0.581491
0.053497
CONSOLIDATION SUMMARY SHEET
SAMPLE: REGINA CLAY 5
BASE DATA:
SAMPLE AREA: 31.67
RELATIVE DENSITY: 2.8
FINAL CONCCK) SOL'N: 4.5
CONC. WATER CGM/L): 905.2
CALCULATED DATA:
WEIGHT WATER:
APPARENT W/C:
VOLUME SOL'N:
WEIGHT SALT:
TRUE II/C:
8.73
32.08%
9.644277
2.538856
35.3'3%
END OF TEST DATA:
WEIGHT TOTAL: 35.94
WEIGHT DRY: 27.21
FINAL SAMPLE HEIGHT: 0.6
TRUE IIEIGHT SOLIDS: 24.67114
HEIGHT SOLIDS: 0.278216
HEIGHT SOL'N: 0.321783
FINAL VOID RATIO: 1.156592
FINAL W/C: 37.39%
APPLIED STRESS DI00 CORRECTED
READING READING
CM CI1
o
7.74
12.67
25.9
49.2
49.2
98.7
197.9
399.1
B02.8
3.267
. 3.23
3.1755
3.122
3.0832
3.0658
3.0185
2.9515
2.891
3.2949
3.2613
3.2174
3.1766
3.1476
3.1394
3.1024
3.0435
2.983
DEFLECTION VOIn WATER POROSITY IV
RATIO CONTENT IkPa
!
0.3119 2.277660
0.2783 2.156891
0.2344 1.999101
0.1936 1. 852452
0.1646 1.748217
0.1564 1. 718744
0.1194 1. 585754
0.0605 1.374048
o 1.156592
0.036542
81.35 0.694904
77.03 0.683232 7.47E-03
71.40 0.666566 3.78E-03
66.160.64'34242.10E-03
56.52 0.636127
55.56 0.632183 2.17E-04
51.27 0.613265 4.93E-04
44.42 0.578778 4.07E-04
37.39 0.536305 2.27E-04
CONSOLIDATION SUMMARY SHEET
SAMPLE: RESINA CLAY RC6
BASE DATA:
END or TEST DATA:
SAMPLE AREA (CK2): 31.67
RELATIVE DENSITY: 2.B
FINAL CONC(K) SOL'N: 4.5
CONC. WATER (SK/U: 905.2
WEIGHT TOTAl(GK): 36.89
WEIGHT DRY(SM): 28.01
fINAL SAMPLE HTCCM): 0.6
CALCULATED DATA:
WEIGHT WATER(SM):
APPARENT W/C:
VOLUME SOl'N(CM3):
WEISHT SALHGK):
TRUE W/C:
8.8a
31.70%
9.809986
2.582479
34.92%
CORR. SOLIDS WTCGM):25.42752
HEIGHT SOLIDS(CM): 0.286746
HEIGHT SOl'N(CN): 0.313253
fINAL VOID RATIO: 1.092441
FINAL W/C: 35.32%
APPLIED STRESS DI00 CORRECTED
(kPa) READING READING
(CK) (CK)
DEFlECTION
(CM)
VOID WATER POROSITY IV
RATIO CONTENT IkPa
%
0
11.25 1.815 1.815 0.2818 2.075191 74.11 0.674817
26.7 1.753 1.7637 0.2305 1.896287 67.72 0.654730 3.77E-03
49.9 1.706 1. 725 0.1918 1.761325 62.90 0.637855 2.01E-03
75.7 1.673 1.697 0.1638 1.663678 59.42 0.624579 1.37E-03
100.4 1.645 1.673 0.1398 1.579980 56.43 0.612400 1.27E-03
100.4 1.6139 1.6419
.
0.1087 1.471522 47.57 0.595391
199.52 1.593 1.6399 0.1067 1.464547 47.35 0.594245 2.85E-05
397.6 1.5395 1.5846 0.0514 1.271693 41.11 0.559799 3.95E-04
806.4 1.48 1.5332 o 1.092441 35.32 0.522089 1.93E-04
0.042038
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CONSOLIDATION SUMMARY SHEET
SAMPLE: REGINA CLAY 7
BASE DATA:
END OF TEST DATA:
SAMPLE AREA (CK2): 31.67
RELATIVE DENSITY: 2.8
fINAL CONCCM) SOL'N: 2
CONC. WATER (GM/L): 960.1
WEIGHT TOTAL(GH):
WEIGHT DRYCGl'!):
FINAL SAMPLE HT(CM): 0.5763
CALCULATED DATA:
WEIGHT WATER(GM): 0 CORR. SOLIDS WT(GM):-1.22389
APPARENT W/C: HEIGHT SOLIDS(CM): 0.246
VOLUME SOl'NCCM3): 10.46060 HEIGHT SOl'N(CM): 0.3303
WEIGHT SALHGM): 1.223890 FINAL VOID RATIO: 1.342682
TRUE W/C: FINAL W/C: 46.041
APPLIED STRESS DI00 CORRECTED DEFLECTION VOID WATER POROSITY IV
(kPa) READING READING WI) RATIO CONTENT IkPa
(1) (CIt) I
0
7.73 1.2086 1.2648 0.2943 2.539024 90.68 0.717436
15.5 1.1664 1.2373 0.2668 2.427235 86.69 0.708219 4.07£-03
23.25 1.1434 1.221 0.2505 2.360975 84.32 0.702467 2.49E-03
54.1 0.9835 1.0775 0.107 1.777642 63.49 0.639982 5.63£-03
103.7 0.9345 1.0361 0.0656 1.609349 57.48 0.616762 1.22E-03
202.7 0.8772 0.9871 0.0166 1.410162 50.36 0.585090 7.71£-04
202.9 0.8606 0.9705 o 1.342682 46.04 0.573138
0.027997
CONSOLIDATION SUMMARY SHEET
SAMPLE: REGINA CLAY 8
BASE DATA:
END Of TEST DATA:
SAMPLE AREA (CM2): 31.67
RELATIVE DENSITY: 2.B
fINAL CONCCK} SOL'N: 3.5
CONC. WATER (6K/U: 927. B
WEIGHT TOTAL(SK):
WEIGHT DRYCGIU:
fINAL SAMPLE HHCM): 1.02
CALCULATED DATA:
WEIGHT WATER(GK):
APPARENT II/C:
VOLUKE SOL'N(CM3):
IIEIGHT SALHGK):
TRUE II/C:
o
ERR
15.90150
3.255B33
0.001
CORR. SOLIDS IITCGM):-3.25583
HEIGHT SOLIDS(CM): 0.5179
HEIGHT SOL'N(CM): 0.5021
fINAL VOID RATIO: 0.969492
fINAL W/C: 32.12%
APPLIED STRESS DI00 CORRECTED
(kPa) READING READING
(CIO (C!1)
DEFLECTION
(CtI)
VOID WATER POROSITY IV
RATIO CONTENT IkPa
t
0
7.74 3.396 3.42 0.48B2 1.912145 68.29 0.656610
12.6B 3.33 3.3583 0.4265 1.793010 64.04 0.641963 8.28E-03
24.6 3.255 3.2873 0.3555 1.65591B 59.14 0.623482 4.12E-03
48.5 3.16 3.19'3'3 0.2681 1. 487159 53.11 0.597934 2.66£-03
102.6 3.052 3.1027 0.1709 1.29947B 46.41 0.56511B 1.39E-03
201.7 2.958 3.0171 0.0853 1.134195 40.51 0.531439 7.25£-04
202.9 2.9163 2.931B o 0.969492 32.12 0.492254
0.077173
010
CONSOLIDATION SUMMARY SHEET
SAMPLE: REGINA CLAY 9
BASE DATA:
END Of TEST DATA:
SAMPLE AREA (CI'I2): 31. 67
RELATIVE DENSITY: 2.8
FINAL CONC(M) SOl'N: 0
CONC. WATER (GM/l): 1000
WEIGHT TOTALeGI1): 35.59
WEIGHT DRY(GI'I): 26.2
FINAL SAMPLE HT(CI'I): 0.67
CALCULATED DATA:
WEIGHT WATER(GM): 9.39 CORR. SOLIDS WHGI'I): 26.2
APPARENT W/C: 35.84% HEIGHT SOLIDS(CI1): 0.295457
VOLUME SOL'NCCI'I3): 9.39 HEIGHT SOL'N(CM): 0.374542
WEIGHT SALHGM): 0 FINAL VOID RATIO: 1.267668
TRUE W/C: 35.84% FINAL W/C: 45.27%
APPLIED STRESS 0100 CORRECTED DEFlECTION VOID WATER POROSITY IV
(kPa) READING READING (CI'I) RATIO CONTENT IkPa
(CI'I) (CM) I
0
4.15 3.6248 3.681 0.3419 2.424856 86.60 0.708016
11.91 3.564 3.6349 0.2958 2.268827 81.03 0.694079 5.87E-03
24.66 3.523 3.6017 0.2626 2.156459 77.02 0.683189 2.70E-03
52.2 3.458 3.488 0.1489 1.771632 63.27 0.639201 4.43E-03
106 3.394 3.3956 0.05&5 1.458897 52.10 0.593313 2.10E-03
205 3.333 3.3429 0.0038 1.280530 45.73 0.561505 7.33£-04
205 3.2981 3.3081 -0.031 1.162746 41.53 0.537625
205 3.3392 3.3391 o 1.267668 45.27 0.559018
0.051647
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CONSOLIDATION SUMMARY SHEET
SAMPLE: RESINA CLAY 10
BASE DATA:
END Of TEST DATA:
SAMPLE AREA (C"2): 31.67
RELATIVE DENSITY: 2.8
fINAL CONe(K) SOL'N: 3.S
CONC. WATER (GK/ll: 927. B
WEIGHT TOTAL(GK): 87.27
WEIGHT DRY(GM): 64.84
FINAL SAKPLE HT(CH): 1.S
CALCULATED DATA:
WEIGHT WATER(G"): 22.43 CORR. SOLIDS WT(�):59.89007
APPARENT W/C: 34.59% HEIGHT SOLIDS(CK): 0.675380
VOLUME SOL'N(CK3): 24.17546 HEIGHT SOl'N(C"): 0.824619
WEIGHT SAlT<GK): 4.949927 fINAL VOID RATIO: 1.2209&9
TRUE w/e: 37.45% fINAL W/C: 40.46%
APPLIED STRESS 0100 CORRECTED DEflECTION VOID WATER POROSITY IV
(kPa) READING READING (CI1> RATIO CONTENT
(Cttl (CM) % IkPa
0
12.6 1. 41 1.4809 0.5499 2.035176 72.68 0.670529
28.1 1.268 1. 3467 0.4157 1.836473 65.590.647449.4.22E-03
51.4 1.15 1. 244 0.313 1.684411 60.16 0.627478 2.30E-03
101 1.02 1.1216 0.1906 1.503180 53.69 0.600508 1.36E-03
200.1 0.875 0.9849 0.0539 1. 300775 46.46 0.565364 8.16E-04
200.1 0.8212 0.931 o 1.220969 40.46 0.549746
0.034686
CONSOLIDATION SU�MARY SHEET
SAMPLE: REGINA CLAY (DD)
BASE DATA:
SAMPLE AREA (CH2): 31.67
RELATIVE DENSITY: 2.8
FINAL CONC(H) SOL'N: 0
CONC. WATER CGM/L): 1000
CALCULATED DATA:
WEIGHT WATER(GM):
APPARENT W/C:
VOLUME SOl'NCCM3):
WEIGHT SALT(S"):
TRUE W/C:
25.52
43.17%
25.52
o
43.17%
END OF TEST DATA:
WEIGHT TOTAL(SM): 84.63
WEISHT DRY(SM): 59.11
FINAL SAMPLE HTCCM): 1.51
CORR. SOLIDS WTCGM): 59.11
HEIGHT SOLIDS(CM): 0.666583
HEIGHT SOL'NCCH): 0.843416
FINAL VOID RATIO: 1.265281
FINAL W/C: 45.19%
APPLIED STRESS DI00 CORRECTED
(kPa) READING READING
(CI1) (CIf)
o
9.1
16.8
24.5
55.4
105
207.2
4.104
4.0075
3.9482
3.79
3.656
3.511
4.1077
4.012
3.9533
3.798
3.6692
3.5356
DEFlECTION
(el1)
VOID WATER POROSITY IV
RATIO CONTENT IkPa
%
0.5721 2.123537
0.4764 1.979969
0.4177 1.891908
0.2624 1. 658929
0.1336 1.465705
o 1.265281
013
75.84 0.679850
70.71 0.664426 5.97E-03
67.57 0.654207 3.84E-03
59.25 0.62390B 2.61E-03
52.35 0.594436 1.47E-03
45.19 0.558553 7.95E-04
CONSOLIDATION SUMMARY SHEET
SAMPLE: SAND BENTONTITE 1
BASE DATA:
SAMPLE AREA (CM2): 31.67
RELATIVE DENSITY: 2.632
FINAL CONC(") SOL'N: 3.5
CONC. WATER (SM/l): 927.8
CALCULATED DATA:
WEISHT WATER(SM):
APPARENT W/C:
VOLUME SOl'N(CM3):
WEISHT SALHS"):
TRUE W/C:
16.41
29.23%
17.68700
3.621413
31.24%
END OF TEST DATA:
WEIGHT TDTAUS"): 72.56
WEISHT DRY(SM): 56.15
fINAL SAMPLE HT(CM): 1.1B
CORR. SOLIDS WT(GM):52.52858
HEIGHT SOLIDS(CM): 0.630175
HEIGHT SOl'N(CH): 0.549824
fINAL VOID RATIO: 0.872493
FINAL W/C: 30.76%
APPLIED STRESS 0100 CORRECTED
(kPa) READ INS READING
<CPO (CfIO
3.51 1.83
11.24 1.67
26.7 1.5225
49.9 1.405
99.44 1.2535
203.1 1.1164
203.1 1.0201
1.83
1.6B42
1.5484
1.4393
t.2964
1.1657
1.0694
DEfLECTION
(eM)
VOln WATER POROSITY IV
RATIO CONTENT IkPa
%
0.614B 1.84B093
0.479 1.632598
0.3699 1.459472
0.227 1.232710
0.0963 1.025307
o 0.872493
0.075452
014
70.22 0.648BB7
62.03 0.620147 4.89£-03
55.45 0.593408 2.B3E-03
46.84 0.552113 1.86E-03
3B.96 0.506247 B.96E-04
30.76 0.465952
CQNSOLIDATION SUMMARY SHEET
SAMPLE: SAND BENTONTITE 2
BASE DATA:
END Qf TEST DATA:
SAI'IPLE AREA C C1'I2) : 31. 67
RELATIVE DENSITY: 2.632
fINAL CaNC(") SOL'N: 3.5
CONC. WATER (GI'I/L): 927.8
WEIGHT TOTAL(SI'l): 83.75
WEIGHT DRY(SI'I): 67.33
fINAL SAMPLE HT(CM): 1.32
CALCULATED DATA:
WEIGHT WATER(GI'I):
APPARENT W/C:
VOLUME SOL'NCCI'I3):
WEISHT SALTCGI'I):
TRUE W/C:
16.42
24.39%
17.69777
3.623620
25.77%
CORR. SOLIDS WT(GI'I):63.70637
HEIGHT SOlIDSCCI'I): 0.764273
HEIGHT SOL'NCCI'I): 0.555726
fINAL VOID RATIO: 0.727129
FINAL W/C: 25.63%
APPLIED STRESS DI00 CORRECTED DEfLECTION
(kPa) READING READING (CM)
(CIO (CIO
VOID WATER POROSITY IV
RATIO CONTENT IkPa
%
0
17.56 2.97 2.9842 0.9182 1.928531 73.27 0.658531
25.3 2.824 2.8323 0.7663 1.729780 65.720.6336708.77E-03
4B.9 2.664 2.6799 0.6139 1.530375 58.14 0 •.604801 3.10E-03
103.1 2.468 2.4947 0.4287 1.288054 48.94 0.562947 1.77E-03
205.4 2.2935 2.3276 0.2616 1.069415 40.63 0.516771 9.34E-04
205.4 2.176 2.2111 0.1451 0.916983 32.32 0.478347
398.95 2.0B9 2.134 0.068 0.816103 28.77 0.449370 2.72E-04
803.0B 2.012 2.066 o 0.727129 25.63 0.421004 1.21E-04
0.165402
015
CONSOLIDATION SUM�ARY SHEET
SAI1PlE: SAND BENTONITE 3
BASE DATA:
END OF TEST DATA:
SAMPLE AREA (CM2): 31.67
RELATIVE DENSITY: 2.632
fINAL CONC(I'I) SOl'N: 2
CONe. WATER (SH/l): 960.1
WEIGHT TOTAL(SI'I):
W£JSHT DRHGI1):
fINAL SAMPLE HT(CH): 0.57
CALCULATED DATA:
WEIGHT WATER(SM): 0 CORR. SOLIDS WT(GM):-0.98303
APPARENT W/C: ERR HEISHT SOLIDS(CM): 0.3047
VOLUME SOl'N(CM3): 8.402051 HEIGHT SOL'N(CI1): 0.2653
WEIGHT SALT(SI1): 0.983039 fINAL VOID RATIO: 0.870692
(
TRUE W/C: O.OOt fINAL W/C: 31.76%
APPLIED STRESS DI00 CORRECTED DEFLECTION VOID WATER POROSITY JaV
(kPa) READ INS READING (el1) RATIO CONTENT IkPa
(CI'I) (CI'I) I
0
7.73 3.28 3.336 0.4349 2.297998 87.31 0.696785
15.5 3.2426 3.2586 0.3575 2.043977 77.66 0.671482 9.91E-03
23.2 3.168 3.1846 0.2835 1.801115 68.43 0.642999 1.04E-02
54 3.075 3.1099 0.2088 1.555956 59.12 0.608757 2.84E-03
103.7 3.0076 3.0511 0.15 1.362979 51.78 0.576805 1.52E-03
202.9 2.9401 2.'3932 0.0'321 1.172957 44.57 0.539797 8.11E-04
202.9 2.848 2.9011 o 0.870692 31.76 0.465438
0.139102
CONSOLIDATION SUMMARY SHEET
SAMPLE: SAND BENTONITE 4
BASE DATA:
END OF TEST DATA:
SAMPLE AREA <elm: 31. 67
RELATIVE DENSITY: 2.632
FINAL CONC(M) SOL'N: 2
CONC. WATER (SM/l): 960.1
WEIGHT TOTAL(SM): 70.45
WEIGHT DRY(G"): 55.26
fINAL SAMPLE HT(CM): 1.18
CALCULATED DATA:
WEIGHT WATER(GM):
APPARENT W/C:
VOLUME SOL'N(CN3):
WEISHT SALH6M):
TRUE W/C:
15.19
27.491
15.82126
1.851088
28.441
CORR. SOLIDS WT(GM):53.40891
HEIGHT SOLIDS(CM): 0.640736
HEIGHT SOL'N(CN): 0.539263
fINAL VOID RATIO: 0.841629
fINAL WIG: 30.701
APPLIED STRESS 0100 CORRECTED
(kPa) READING READING
(CM) (CIO
DEFLECTION
(CM)
VOID WATER POROSITY IV
RATIO CONTENT IkPa
I '\
0
7.74 1.094 1.1047 0.5458 1.693460 64.34 0.628730
23.2 0.93 0.949 0.3901 1.450459 55.110.5919135.84E-03
54;1 0.783 0.802 0.2431 1.221036 46.39 0.549759 3�03E-03
99.4 0.6928 0.7208 0.1619 1.094307 41.58 0.522515 1.26E-03
201.65 0.5842 0.6211 0.0622 0.938705 35.67 0.484191 7.27E-04
201.65 0.522 0.5589 o 0.841629 30.70 0.457002
0.050072
017
CONSOLIDATION SUMMARY SHEET
SAMPLE: SB5
BASE DATA:
SAMPLE AREA (CM2): 31.67
RELATIVE DENSITY: 2.632
FINAL CONC(") SOL'N: 0
CONe. WATER (GK/L): 1000
CALCULATED DATA:
END or TEST DATA:
WEIGHT TOTAL(G"):
WEIGHT DRYCGI'I):
FINAL SAMPLE HT(CKl: 0.6
WEIGHT WATERCGI'I): 0 CORR. SOLIDS WT(GI'I): 0
APPARENT II/C: ERR HEIGHT SOLIDS(CI'I): 0.315
VOLUME SOL'NCCI'I3): 0 HEIGHT SOL'NCCI'I): 0.285
IIEIGHT SALHSI'I): 0 FINAL VOID RATIO: 0.904761
TRUE W/C: ERR FINAL W/C: 34.381
APPLIED STRESS DIOO CORRECTED DEFLECTION VOID IIATER POROSITY IV
(kPa) READING READING mo
RATI�
CONTENT IkPa
(CI'I) (CM) I
o
7.75
12.35
25.25
48.5
102.7
204. �
(4.0 1'1) 204.9
<D.II.) 204.9
0.636B
0.5�49
0.5076
0.4285
0.3372
0.268
0.2104
0.222
0.693
0.6658
0.5863
0.5222
0.4388
0.3779
0.3203
0.3319
0.3611 2.051111
0.3339 1.9647&1
0.2544 1.712380
0.1903 I.S08a88
0.1069 1.244126
0.046 1.050793
-0.0116 0.B67936
o 0.904761
77.93 0.672250
74.65 0.662704 6.15E-03
65.06 0.631320 6.60E-03
57.33 0.601417 3.23E-03
47.27 0.554392 1.95E-03
39.�2 0.512383 8.43£-04
32.9B 0.464649
34.38 0.475
018
CONSOLIDATION SUMMARY SHEET
SAMPLE: SAND BENTONITE 6
BASE DATA:
SAl'!PLE AREA (Cf'l2): 31.67
RELATIVE DENSITY: 2.632
rINAl CONC(M) SOL'N: 3.S
CONC. WATER (6H/Ll: 927.8
CALCULATED DATA:
WEI6HT WATER(S!'!):
APPARENT W/C:
VOLUME SOl'NCCM3):
WEIGHT SALHGI'I):
TRUE W/C:
11.66
20.41%
12.56736
2.573167
21.37%
END or TEST DATA:
WEIGHT TOTAL(SM): 68.B
WEIGHT DRY(S!'!): 57.14
fINAL SAMPLE HT(CH): 1.03375
CORR. SOLIDS WT(GH):54.56683
HEIGHT SOLIDS(C!'!): 0.654628
HEIGHT SOL'N(CH): 0.379121
fINAL VOID RATIO: 0.579140
fINAL W/C: 20.421
APPLIED STRESS 0100 CORRECTED DEflECTION
CkPa) READING READING (CM)
(Ct1> (CM)
o
12.8
28.3
51.5
101
204.6-
204.6
408.9
817.5
1608.34
3.703 3.7316
3.4176 3.45'35
3.271 3.3256
3.159 3.2234
3.0264 3.1
2.<351 3.0246
2.9354 3.0193
2.8719 2.9633
2.815 2.9146
VOID WATER POROSITY IV
RATIO CONTENT IkPa
I
0.817 1.827176
0.5449 1.411521
0.411 1.206977
0.3088 1.050858
0.1854 0.862354
0.11 0.747174
0.1047 0.739078
0.0487 0.653533
o 0.579140
r.t52073
019
69.42 0.646290
53.63 0.585323 9.4'3E-03
45.86 0.546891 3.66E-03
39.93 0.512399 1.43E-03
32.76 0.463045 8.87E-04
28.39 0.427647
28.08 0.424982 2.27E-05
24.83 0.395234 1.20£-04
20.42 0.366744 5.69E-05
CONSOLIDATION SUMMARY SHEET
SAMPLE: SAND BENTONITE (DD)
BASE DATA:
END Of TEST DATA:
SAMPLE AREA CCM2): 31.67
RELATIVE DENSITY: 2.632
fINAL CONCCK) SOl'N: 0
CONCa WATER (GH/l): 1000
WEIGHT TOTAl(SM): 56.23
WEIGHT DRY(GH): 44.47
fINAL SAMPLE HT(CK): 0.905
CALCULATED DATA:
WEIGHT WATER(GH):
APPARENT W/C:
VOLUME SOl'NCCH3):
WEIGHT SALHGM):
TRUE II/e:
11.76
26.44%
11.76
o
26.441
CORR. SOLIDS WT(6K): 44.47
HEIGHT SOlIDS(CH): 0.533498
HEIGHT SOl'N(CH): 0.371501
fINAL VOID RATIO: 0.696349
fINAL w/e: 26.461
APPLIED STRESS 0100 CORRECTED
(kPa) READING READING
(Ctl) (CI'O
DEflECTION
WI)
VOID WATER POROSITY IV
RATIO CONTENT IkPA
I
0
9.74 3.531 3.5329 0.6921 1.993635 75.75 0.665958
17.47 3.4586 3.4614 0.6206 1.85%14 70.65 0.650302 5.79£-03
48.4 3.302 3.3065 0.4657 1.569266 59.62 0.6107B3 3.28E-03
98 3.158 3.1654 0.3246 1.304786 49.57 0.566120 2.08E-03
200.2 3.03B 3.0495 0.20B7 1.087541 41.32 0.520967 9.22E-04
404.6 2.938 2.9563 0.1155 0.912845 34.68 0.477218 4.09E-04
813.4 2.B52 2.8826 0.0418 0.774700 29.43 0.436524 1.77E-04
1603.8 2.7918 2.8408 o 0.696349 26.46 0.410498 5.59E-05
0.187393
020
CONSOLIDATION SUMMARY SHEET
SAMPLE: SAND BENTONITE - 2 WAY DRAINAGE (SBDCl)
BASE DATA:
END Of TEST DATA:
SAKPLE AREA (CN2): 31.67
RELATIVE DENSITY: 2.632
fINAL CONC(K) SOl'N: 3.5
CONCa WATER (GH/l): 927.8
WEIGHT TOTAl(SH): 68.84
WEIGHT DRY(6N): 54.2
fINAL SAMPLE HT(CM): 1.05625
CALCULATED DATA:
WEIGHT WATER{GH):
APPARENT W/C:
VOLUME SOL'N(CM3):
WEIGHT SAlTCGM):
TRUE W/C:
14.64
27.01%
15.77926
3.230804
28.72%
CORR. SOLIDS WTCGH):50.96919
HEIGHT SOlIDS(CM): 0.65
HEIGHT SOl'N(CN): 0.40625
fINAL VaIn RATIO: 0.625
fINAL W/C: 22.03%
APPLIED STRESS 0100 CORRECTED
(kPa) READING READING
WI) (CI1)
DEflECTION
(CM)
VOID WATER POROSITY IV
RATIO CONTENT IkPa
%
0
6.7 1.377 1.3773 0.7278 1.744692 66.29 0.635660
17.9 1.195 1.2085 0.559 1.485 56.42 0.597585 8.45E-03
28.7 1.1105 1.1309 0.4814 1.365615 51.89 0.577277 4.45E-03
51.2 1.002 1.0328 0.3833 1. 214692 46.15 0.548470 2.84E-03
96.2 0.884 0.9309 0.2814 1.057923 40.19 0.514073 1.s7E-03
96.2 0.775 0.8219 0.f724 0.890230 33.82 0.470%4
198.2 0.756 0.8208 0.1713 0.888538 33.76
0.47049�8.7BE-063%.3 0.692 0.7706 0.1211 0.B11307 30.82 4791 2.06 4
807.8 0.6142 0.7063 0.0568 0.712384 27.07 0.416019 1.33E-04
1715.2 0.5439 0.6495 0 0.625 22.03 0.384615 S.62E-05
0.081486
CONSOLIDATION SUMMARY SHEET
SAMPLE: SAND BENTONITE 2-WAY DRAINGAE (SBOC2)
BASE DATA:
END or TEST DATA:
SAKPLE AREA CCM2): 31.67
RELATIVE DENSITY: 2.632
rINAL CONCCK) SOL'N: 0
CONC. WATER (GK/L): 1000
WEIGHT TOTALCSK):
WEIGHT DRYCGI'I):
rINAL SAMPLE HT(C"): 1.2125
CALCULATED DATA:
WEIGHT WATERCSI'I):
APPARENT W/C:
VOLUME SOL'N(CI'I3):
WEISHT SALHSM):
TRUE W/C:
o
ERR
16.'31178
o
ERR
CORR. SOLIDS WT(S"):
HEIGHT SOlIDS(C"):
HEIGHT SOL'NCCI'I):
rINAl VOID RATIO:
FINAL w/e:
o
0.6785
0.534
0.787030
29.901
APPLIED STRESS DI00 CORRECTED
(kPa) READING READING
(el'l) <CI1l
DEflECTION
(CI'I)
VOID WATER POROSITY tv
RATIO CONTENT IkPa
t
0
6.7 1.135 1.1623 0.5795 1.641120 62.35 0.621372
17.9 0.984 1.0279 0.4451 1. 443036 54.83 0.590673 6.70E-03
29.1 0.9102 0.9624 0.3796 1.346499 51.16 0.573833 3.53E-03
51.4 0.795 0.861 0.2782 1.197052 45.48 0.544844 2.86E-03
96.4 0.6a8 0.7686 0.1858 1.060869· 40.31 0.514767 1.38E-03
201.4 0.571 0.666 0.0832 0.909653 34.56 0.476344 6.99E-04
(4.0 K) 201.4 0.4868 0.5827 -0.0001 0.786882 29.90 0.440366
CD.W.) 201.4 0.4869 0.5828 o 0.787030 29.90 0.440412
0.064289
---
022
CONSOLIDATION SUMMARY SHEET
SAMPLE: SAND BENTONITE - 2 WAY DRAINAGE (SSDC3)
BASE DATA:
END Of TEST DATA:
SAI1PLE AREA (CI12): 31.67
RELATIVE DENSITY: 2.632
fINAL CONC(M) SOL'N: 3.5
CONC. WATER (SM/L): 927.8
WEISHT TOTAL(SM):
WEIGHT DRYCGH):
fINAL SAMPLE HT(CI1): 1.09
CALCULATED DATA:
WEIGHT WATER(SI1): 0 CORR. SOLIDS WT(GI1):-2.74291
APPARENT W/C: ERR HEIGHT SOLIDS(CI1): 0.667
VOLUME SOL'N(CI13): 13.39641 HEIGHT SOL'NCCI1): 0.423
WEIGHT SAlT(SM): 2.742914 fINAL VOID RATIO: 0.634182
TRUE W/C: 0.00% rINAL w/e: 22.36%
APPLIED STRESS 0100 CORRECTED DEfLECTION VOID WATER POROSITY mv
(kPa) READING READING (eM) RATIO CONTENT IkPa
( CI'f) (CI1) %
----------------------------------------------------------------------------------------------
0
6.7 1.288 1.313 0.6936 1.674062 63.60 0.626037
17. '3 1.16 1.204 0.5846 1.510644 57.40 0.601695 5.46£-03
23.5 1.1006 1.1648 0.5454 1.451874 55.16 0.592148 4. 18E-03
23.5 0.9507 1.0149 0.3955 1.227136 46.62 0.550992
51.7 0.932 1.0064 0.387 1.2143'32 46.14 0.548408 2.03E-04
101.5 0.852 0.9373 0.3179 1.110794 42.20 0.526244 9.39E-04
205.2 0.732 0.8314 0.212 0.952023 36.17 0.487711 7.25E-04
393.6 0.634 0.7444 0.12S 0.821589 31.22 0.451028 3.55E-04
805.3 0.544 0.6762 0.0568 0.719340 27.33 0.418381 1.36E-04
1598 0.489 0.6194 o 0.634182 22.36 0.388073 6.25E-05
0.091659
023
CONSOLID�TION SUHHARY SHEET
-------------------------------------------------------------------------
SAHPLE ---- REUIH� CLAY HOLE 1 SAHPLE DB1 WITH 4.0 "
-------------------------------------------------------------------------
SAMPLE X-S AR�A a
RELATIVE DENSITY OF SOIL m
INITIAL SAHPLE HEIGHT =
TOTAL DEFLECTION AT END OF TEST =
"ASS OF SOIL SOLIDS �
HASS OF SODIUH CHLORIDE =
INITIhL HASS OF WATER =
FINAL HASS OF WhTER =
HEIGHT OF SOIL SOLIDS =
INITIAL DEGREE OF SATURATION =
FIN�L OEGR�E OF SATUR�TIOH =
INITIAL UNIT WElGHT =
FINAL UNIT WEIGHT =
APPLIED DI00 CORRECTED
STRESS R�ADING DI00 READING
KPA CH CH
0.00
33.20
49.80
100.00
200.00
300.00
300.00
APPLIEll
STRESS
KPA
DEFL.
1.6101
1.5:579
1.:5450
1.:5068
1.4634
1.4358
1.4004
eH
0.0000
0.0260
0.0269
0.0478
0.0752
0.0933
0.128]
32.1700 SQ Ctt
2.8000
1.6000 Ctt
0.1287 CM
75.8184 Gtt
3.1516 Gtt
18.3500 Gtt
20.6800 Gtt
0.8411 Ctt
75.2234 %
102.1047 %
18.5419 tlN/CU tt
20.6466 ttN/GU 11
VOID
RATIO
WATER
CONTENT
%
1.6101
1.5841
1.5832
1.5623
1.5349
1.5168
1.4814
AVERAGE
STRESS
KPA
CV
sa CHIS sa tt/KN
0.9009
0.8700
0.8689
0.8441
0.8115
0.7900
0.7480
32.17
31.07
Jl.03
30.15
28.98
28.22
26.71
AV HV K
sa H/KN CHIS
0.00 - 33.20 16.60 0.2067E-02 0.9301E-03 0.4895E-03 0.1144E-06
33.20 - 49.80 41.50 0.2032E-03 0.M41E-O'l 0.3'145E-04 0.7912E-09
49.80 - 100.C)0 7"\.90 0.2227E-03 0.494�E-03 0.2647E-03 0.6661E-08
100.00 - 200.00 150.00 0.1943E-03 0.3;'>5�E-03 0.1765E-03 0.3876E-08
200.00 - JOO.OO 250.00 0.1886E-03 0.2150E-03 0.1187E-03 0.2530E-08
SUB. LIQUID CHANGED TO THE. DESIRE� ONE WITH SlRESS HE.LD CONSTANT
024
CONSOLIDATION SUMM�RY SHEET
SAMPLE ---- INTACT REGINA CLAY UB2
SAMPLE X-S AREA = 31.5700 sa CM
RELATIVE DENSITY OF SOIL 2 2.8000
INITI�L SAHPLE HEIGHT 1.7700 CM
TOTAL DEFLECTION AT ENU OF TEST = 0.0418 CH
HASS OF SOIL SOLIDS 82.2548 GI1
HASS OF SODIUH CHLORIDE = 4.2352 GH
INITIAL HASS OF WATER = 25.4000 GH
FINAL HASS OF WATER = 27.7900 GH
HEIGHT OF SOIL SOLIDS 0.9305 CH
INITIAL DEGREE OF SA1URATION = 95.8412 %
FINAL DEGREE OF SATURATION 110.35<\2 %
INITIAL UNIT W�IGHT = 19.6366 HN/CU H
FINAL UNIT WEIGHT 20.5411 "N/eU "
APPLIED DI00 CORRECTED DEFL. VOID WATER
STRESS READING DI00 RI::ADING RATIO CONTENT
KPA eH CH eH %
0.00 1.3970 1.3970 0.0000 0.9021 32.22
50.70 1.3895 1.4277 -0.0307 0.9351 33.40
101.50 1.3715 1.4270 -0.0300 0.9344 .33.37
300.30 1.3084 1.3894 0.0076 0.8940 31.93
300.30 1.3008 1.3818 0.0152 0.8858 31.64
300.30 1.2980 1.3790 0.0180 0.8828 31.53
300.30 1.2876 1.3686 0.0284 0.8716 31.13
300.30 1.2705 1.3515 0.0455 0.8533 30.47
300.30 1.2657 1.:u4..1-- 0.05()3 0.8"'81 JO.29
629.40 -1..2652 1.3552 - 0.0418 0.8572 30.62
1209.10 1.2652 � 0.0418 0.8572 30.62
APPLIED AVERAGE CV AV HV K
STRESS STRESS
KPA KPA SO CHIS S(I /1/KN 5(1 H/KN CHIS
0.00 - 50.70 2S.J5
50.70 - 101.50 76.10
101.50 - 300.30 200.90
SUB. LIQUID CHANGED TO
SUB. LIUUID CHANGED TO
SUB. LIQUID CHANGED TO
SUB. LIQUID CHANGED TO
SUB. LIOUID CHANGED TO
300.30 - 629.40 464.95
629.40 - 1209.10 919.25
0.5233E-04 -.6507E-03 -.3421E-03 -.2023E-08
0.2956E-03 0.1481E-04 0.7652E-05 0.2557E-09
0.4269E-03 0.2033E-03 0.1051E-03 0.5070E-08
THE DESIRED ONE WITH STRESS HELD CONSTANT
THE DESIRED OME WITH STRESS HELD CONSTANT
THE DESIRED ONE WITH STRESS HELD CONSTANT
THE DESIRED OHE WITH STRESS HELD CONSTANT
THE D�SIRED ONE WITH STRESS HELD CONSTANT
0.2410E-02 -.2776E-04 -.1502E-04 -.4141E-08
0.2452E-02 O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO
025
CONSOLIDATION SUMMARY SHEET
SAMPLE ---- INTACT REGINA CLAY DB3
APPL1ED
STRESS
KPA
0.1)0
38.8<1
83.:50
83.30
APPLIED
STRESS
KPA
SAMPLE X-S AREA =
RELATIVE DENSITY OF SOIL
INIrIAL SAMPLE HEIGHT �
TOTAL DEFLECTION AT END OF TEST =
MASS OF SOIL SOLIDS =
MASS OF SODIUM CHLORIDE =
INITlnL HASS UF WATER
FINAL HASS OF WATER
HEIGHT OF SOIL SOLIDS
INITIAL DEGREE OF SATURATION =
FINAL DEGREE OF SATURATION =
INITIAL UNIT WEIGHT =
FINAL UNIT WEIGHT
D100 CORRECTED
READING D100 READING
CIf CM
DEFL.
CM
0.001)0
0.0029
0.0123
0.0345
32.0700 sa CH
2.8000
1.3619 CM
0.0345 CH
60.3628 GM
3.2172 GM
17.1600 GM
21.1100 GM
0.6722 CM
77.5840 x
100.46as %
18.1287 tlN/CU If
19.5099 ttN/eu H
IJOID
RATIO
WATER
CONTENT
%
1.2160
1.2131
1.19'\S
1.1723
1.2160
1.2131
1.2037
1.1815
1.0260
1.0217
1.0077
0.9746
36.64
36.49
J5.99
34.81
AVERAGE
STRESS
KPA
CV
SQ CHIS sa H/KH
AV HV K
su tt/KN CHIS
0.00 - 38.84 19.42 0.1519E-02 0.1111E-03 0.5482E-04 0.9413E-08
38.e� - 83.30 61.07 0.3628E-03 0.3145E-03 0.1556E-03 0.6378E-08
SUB. LIQUID CHANGED TO THE DESIRED OHE �ITH STRESS HELD CONSTANT
026
CONSOLIDATION SUMMARY SHEET
-------------------------------------------------------------------------
SAHPLE ---- INTACT REGINA CLAY DB.
SAMPLE X-S AREA = 31.4700 sa CM
RELATIVE DENSITY OF SOIL = 2.8000
INITIAL SAMPLE HEIGHT • 1.491' CM
TOTAL DEFLECTION AT END OF TEST .. 0.1985 CM
MASS OF SOIL SOLIDS = 61.8840 GM
MASS OF SODIUK CHLORIDE ,. 3.3360 GK
INITIAL "ASS OF NATER = 22.6600 GH
FINAL "ASS OF WA1ER .. 21.8900 GH
HEIGHT OF SOIL SOLIDS = 0.7023 CH
INITIAL DEGREE OF SATURATION '" 91.1920 %
FIN�L DEGREE OF SATURATION = 117 .67�3 %
INITIAL UNIT WEIGHT .. 18.3559 HH/CU K
FIHAL UNIT WEIGHT = 20.9875 HN/eu H
APPLIED D100 CORRECTED DEFL. VOln WATER
STRESS RE�DING 0100 READING RATIO CONTENT
KPA eM eH eH %
0.00 1.2705 1.2705 0.0000 1.1243 40.15
22.64 1.2700 1.2705 0.0000 1.1243 "'0.15
n.S7 1.2621 1.2687 0.0018 1.1217 40.06
10"'.20 1.2324 1.2U5 0.0270 1.0859 38.78
200.00 1.2022 1.2192 0.0513 1.0513 37.54
200.00 1.1939 1.2109 0.0596 1.039'" 37.12
200.00 1.1890 1.2060 0.06"5 1.0325 36.87
200.00 1.1800 1.1970 0.0735 1.0196 36."'2
389.")0 1.1514 1.1751 0.09S4 0.9885 35.30
389.70 1.1239 I.H16 0.1229 0.9493 33.90
802.-\0 1.0901 1.1245 0.1460 0.9164 32.73
1600.20 1.0240 1.0720 0.1985 0.8417 30.06
APPLIED AVERAGE CV AV HV K
STRESS STRESS
KPA KPA sa CHIS sa I'IIKN SQ H/KN CHIS
0.00 - 22.64 11.32
22.6" - 47.57 35.10
47.57 - 104.20 75.�9
104.20 - 200.00 152.10
SUB. LIQUID CHANGED TO
SUB. LIQUID CHANGED TO
SUB. LIQUID CHANGED TO
200.00 - 389.70 29"'.85
SUB. LIQUID CHANGED TO
38'.70 - 802."'0 596.05
0.1827E-02 O.OOOOEtOO O.OOOOEtOO O.OOOOEtOO
0.521�E-03 0.1028E-03 0.4ij39E-0� 0.2851E-08
0.3200E-Ol 0.6l36E-03 0.2986E-03 0.1080E-07
0.3397E-03 0.3612E-03 0.1732E-03 0.6647E-08
THE DESIRED ONE wrrH STRESS HELD CONSTANT
THE DESIRED ONE WITH STRESS HELD CONSTANT
THE DESIRED ONE WITH STRESS HELD CONSTANT
0.2168E-03 0.16"'4E-03 0.8139E-04 0.1994E-08
THE DESIRED ONE �IrH STRESS HELD CONSTANT
0.222�E-03 0.7970E-04 0.4089E-04 0.1028E-08
802.40 - 1600.20 1201.JO 0.1191E-03 0.9370E-04 0.4889E-04 0.6582E-09
CONSOLIDATION SUMMARY SHEET
-------------------------------------------------------------------------
SAMPLE ---- INTACT REGINA CLAY DBS
-------------------------------------------------------------------------
SAMPLE X-S AREA = ;51 .5700 SQ CM
RELATIVE DENSITY OF SOIL • 2.8000
INITIAL SAMPLE HEIGHT = 1.4919 CM
TOTAL DEFLECTION AT END OF TEST s 0.1688 CM
MASS OF SOIL SOLIDS = 62.2185 GH
MASS OF SODIUM CHLORIDE = 0.8815 GH
INITIAL HASS OF WATER • 23.5900 GH
FINAL HASS OF WATER • 21.8200 GM
HEIGHT OF SOIL SOLIDS = 0.7039 CM
INITIAL DEGREE OF SATURATION • 94.8212 %
FINAL DEGREE OF SATURATION 111.6118 %
INITIAL UNIT WEIGHT s 18.0500 HH/CU M
FIHAL UNIT WEIGHT = 19.9373 HN/CU H
APPLIED
STRESS
KPA
0.00
22.56
47.H
98.20
263.70
510.30
758.80
758.80
758.80
758.80
t529.20
APPLIED
STRESS
KPA
DI00 CORRECTED
READING D100 READING
CM CH
1.5626
1.5626
1.5"'51
1.5123
1 .... 586
1.<UH
1.3761
1.3680
1.3"'73
1.3-439
1.3439
1.5628
1.5626
1.5461
1.5373
1.5050
1 .... 71-4
1.4261
1 .... 180
1.3973
1.3938
1.3938
AVERAGE
STRESS
KPA SQ CHIS
O.dO - 22.56 11.28
22.56 - ... 7.41 34.99
47.11 - 98.20 72.81
98.20
- 263.70 180.95
263.70 - �10.30 387.00
510.30
- 758.80 63 .... 55
SUB. LIOUID CHANGED TO
SUB. LIQUID 'CHANGED TO
SUB. LIQUID CHANGED TO
758.80 - 1529.20 1144.00
DEF'L.
eH
0.0000
0.0002
0.0167
0.0255
0.0578
0.091-4
0.1367
0.1-4"'8
0.1655
0.1690
001690
CV
SO !i/KN
VOID
RATIO
1.1196
1.1193
1.0959
1.0834
1.0375
0.9897
0.925'"
0.9139
0.88"'5
0.8795
0.,8795
AV
SQ H/KN
WATER
CONTENT
%
39.99
39.98
39.1-4
38.69
37;05
35.35
33.05
32.6.04
31.59
31.41
;51.U
K
CHIS
0.1827E-02 0.1260E-04 0.5943£-05 0.1108E-08
0.9032E-03 0.9433E-03 0.4451E-03 0.�102E-07
0.2690E-03 0.2"'62E-03 0.1175E-03 0.3224E-08
0.3753E-03 0.2773E-03 0.1331E-03 0.5096E-08
0.1940E-03 0.1936E-03 0.9501E-04 0.1880E-08
0.9�44E-0'" 0.2S90E-03 0.1302E-03 0.125�E-08
THE DESIRED ONE WITH STRESS HELD CONSTANT
THE DESIRED ONE WITH STRESS HELD CONSTANT
THE DESIRED ONE WITH STRESS HELD CONSTANT
0.1437E-02 O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO
028
CONSOLIDATION SUMHnRY SHEET
-------------------------------------------------------------------------
SAHPLE ---- INT�CT REGINA CLAY UB6
APPLIED
STRESS
KPA
0.00
17.03
47. '}O
104.50
209.70
517.90
517.90
517.90
APPLIED
STRESS
KPA
SAMPLE X-S AREA s
RELATIVE DENSITY OF SOIL z
INITIAL SAHPLE HEIGHT =
TOTAL DEFLECTION AT END OF TEST 3
HASS OF SOIL SOLIDS •
HASS OF SODIUM CHLORIDE •
INITIAL HASS OF WATER =
FINAL HASS OF WATER =
HEIGHT OF SOIL SOLIDS =
INITIAL DEGREE OF SATURATION =
FINAL DEGREE OF SATURATION =
INITIAL UNIT WEIGHT s
FINAL UNIT WEIGHT =
DI00 CORRECTED DEFL.
READING DI00 READING
CH eM CM
1.7221
1.7221
1.6990
1.6656
1.6212
1.5480
1.5030
1.5179
1.7221
1.7221
1.7186
1.7000
1.6676
1.6080
1.5630
1.5779
0.0000
0.0000
0.0035
0.0221
0.05"'S
0.1141
0.1591
0.1442
31.3700 SQ CH
2.8000
1.5019 CM
0.1442 CH
62.8900 Ott
0.0000 GM
23.5100 GI1
22.1600 GH
0.7160 CM
95.3602 %
110.0926 "
17.9838 I1N/CU H
19.5830 I1N/eu H
VOID
RATIO
WATER
CONTENT
X
AVERAGE
STRESS
KPA
CV
SO CHIS sa H/KN
1.0976
1.0976
1.0929
1.0668
1.0215
0.9383
0.8754
0.8962
39.20
39.20
39.03
38.10
36.48
33.51
31.27
32.01
AV I1V K
SQ M/KN CHIS
0.00 - 17.03 8.52 0.1852E-02 O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO
17.03 - 47.70 32.37 0.7389E-03 0.1594E-03 0.7598E-04 0.5506E-08
47.70 - 104.50 76.10 0.4550£-03 0.457"'E-03 0.2185E-03 0.9752E-08
104.50 - 209.70 157.10 0.2705E-03 0.4302E-03 0.2081E-03 0.5521E-08
209.70 - 517.80 363.75 0.1736E-03 0.2702E-03 0.1336E-03 0.2276E-08
SUB. LIQUID CHANGED TO THE DESIRED ONE WITH STRESS HELD CONSTANT
SUB. LIQUID CHANGED TO THE DESIRED ONE WITH STRESS HELD CONSTANT
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0.2 Constant Head Permeability Test Data
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0.3 Osmotic Consolidation Time Deflection Curves
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0.5 Base Pressure Respons�s _versus Time
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0.6 Diffusion Test Data
0.6.1 Table of Test
t·1easurements
Sample RC7
- Test Data
1 BY CON"DUCTIVITY 1 BY TDS 1
ELAPSED ISAI1PLE VOL CONC SALT FLUX CUMM. SALT lCONC. SUII COLl SALT FlUX CUl'l1t SALT 1
TII'IE 1 (ilL> (6t1/L) (6t1) ( 61'f) 1 (Slt/l) VOL (611) (61t) 1
-----------1--------------------------------------------1--------------------------------------------1
0.51t 1 1
o 1 I
75 1 1 0.6 7.45 0.00447 0.00447 1
85 1 1 0.93 3.35 0.0031155 0.0075855 1
265 1 1 1.7 3.3 0.00561 0.0131955 1
315 1 1 2.5 3.2 o.ooa 0.0211955 1
1107 1 1 B.l 3.2 0.02592 0.0471155 1
t 179 1 1 9.13 3.35 0.0305855 0.077701 1
1237 1 1 7 3.2 0.0224 0.100101 1
1295 1 1 5.3 3.1 0.01643 0.116531 1
1485 1 1 4.8 6.9 0.03312 0.149651 1
1548 1 1 4.33 3.45 0.0149385 0.1645895 1
0.511 AFTER 1 1 1
o 1 1 0 0 o 1
53 1 1 2 4.8 0.0096 0.0096 1
91 1 1 1.9 4.28 0.009132 0.017732 1
203 1 1 2.13 8.15 0.0173595 0.0350915 1
279 1 1 2.2 7.9 0.01738 0.0524715 1
350 1 1 1.9 7.75 0.014725 0.0671965 1
420 1 1 2.6 7.6 0.01976 0.0869565 1
1221 1 1 1.23 66 0.OB118 0.1681365 1
1 1 1
1.0tt 1 CONC = 0.05B5 POROSITY = lSAtlPLE H = 0.5B2 1
o 1 1 1
18 1 1.362 0.0153 0.0153 1 1
35 1 0.852 0.0073 0.0226 1 1
90 1 0.779 0.0218 0.0444 1 1
129 1 0.644 0.018 0.0624 1 1
176 1 0.693 0.028 0.0904 1 1
270 1 0.699 0.0475 0.1379 1 1
373 1 0.922 0.0572 0.1951 1 0.5 62 0.031 0.031 1
573 1 0.425 0.0976 0.2927 1 0.37 21B 0.08066 0.11166 1
1465 1 2000+ 1 1.75 196 0.3255 0.43716 1
1857 1 1.427 0.1998 1 1.15 140 0.161 0.59816 1
2870 1 2000+ 1 1.37 301 0.41237 1.01053 1
2940 1 1.299 0.0389 1 0 1.01053 1
2994 1 1 0.52 62 0.03224 1.04277 1
1 1 1
2.01'1 1 CONe = 0.117 POROSITY = ISAI'IPLE H = 0.58 1
o 1 1 1
25 1 0.756 0.015116 0.015116 1 1
76 I 1.015 0.03248 0.047596 1 0.8 62 0.0496 0.0496 1
116 1 1.224 0.0204 0.067996 1 1.01 18 0.01818 0.06778 1
199 1 1.438 0.0546 0.122596 1 0.06778 1
235 1 0.808 0.0307 0.153296 1 0.06778 1
267 1 0.615 0.02769 0.180986 1 0.42 121 0.05082 0.1186 1
303 1 0.67 0.03082 0.211806 1 0.1186 1
338 1 0.655 0.02883 0.240636 1 0.1186 1
095
eRe7 Diffusion Test Data cont.)
372 1 1. 1574 0.02546 0.266096 1 0.89 112 0.09968 0.21828 1
402 1 0.262 0.0345 0.300596 1 0.21B28 1
430 1 0.221 0.02409 0.324686 1 0.21828 1
737 1 0.378 0.2077 0.532386 1 0.26 790.8 0.205608 0.423888 1
1377 1 1.367 0.5523 1.084686 1 1.02 404 0.41208 0.835968 1
1 1 1
4.0" 1 CONC = 0.234 POROSITY = ISAKPLE H = 0.578 1
o 1 0 1 1
35 1 31 1.045 0.032395 0.032395 1 1
78 1 48.7 0.6675 0.03250725 0.06490225 1 0.53 79.7 0.042241 0.042241 1
128 1 52 0.977 0.050804 0.11570625 1 0 0.042241 1
198 1 64.5 1.308 0.084366 0.20007225 1 0 0.042241 1
241 1 61 0.9359 0.0570899 0.25716215 1 0.86 177 .5 0.15265 0.194891 1
276 1 90 0.67 0.0603 0.31746215 1 0 0.194891 1
315 1 90 0.707 0.06363 0.38109215 1 0 0.194891 1
346 1 73 0.7337 0.0535601 0.43465225 1 0.53 253 0.13409 0.328981 1
386 1 120 0.578 0.06936 0.50401225 1 0 0.328981 1
421 1 110 0.552 0.06072 0.56473225 1 0 0.328981 1
451 1 78 0.663 0.051714 0.61644625 1 0.44 308 0.13552 0.464501 1
753 1 981 0.5445 0.5341545 1.15060075 1 0.31 981 0.30411 0.768611 1
1408 1 10B8 1.0395 1.130976 2.28157675 1 0.81 1088 0.88128 1.649891 1
1449 1 92 0.6967 0.0640964 2.34567315 1 0 1.649891 1
Sample SB3 - Test Data
BY CONDUCTIVITY 1 BY TDS
ELAPSED ISAKPlE VOL CONC SALT fLUX CUKK. SALT ICONC. CUM" SAMP. SALT FLUX CUMM SALT 1
TII1E 1 (I1U (Sl1/ll (611) (SI1) 1 (SI1/L> VOLUI1E (611) (611) 1
-----------1--------------------------------------------1--------------------------------------------1
0.511 1 CONe = 0.02925 1 1
o 1 1 0 1
48 1 1 2.1 3.58 0.007518 0.007518 1
108 1 1 0.97 3.5 0.003395 0.010'313 1
165 1 1 0.77 3.5 0.002695 0.013608 I
296 1 1 1.37 3.5 0.004795 0.018403 I
348 1 1 1.57 3.5 0.005495 0.023898 1
418 1 1 0.76 3.6 0.002736 0.026634 1
776 1 1 0.4 3.8 0.00152 0.028154 1
1343 1 1 0.73 156 0.11388 0.142034 1
1480 1 1 0.43 3..3 0.001419 0.143453 I
1533 I 1 1.6 3.6 0.00576 0.149213 1
1568 1 1 0.43 4.27 0.0018361 0.1510491 1
1673 1 1 1.5 3.9 0.00585 0.1568991 1
1745 1 1 1.4 7.8 0.01092 0.1678191 1
1821 1 1 1.63 7.S 0.012225 0.1800441 1
1901 1 1 1.46 7.38 0.0107748 0.1908189 1
1 1 1
1.0 11 1 CONC = 0.0585 POROSITY = lSAI1PLE H = 0.54 1
o 1 1 1
15 1 0.547 0.0153 0.0153 1 1
34 1 0.465 0.0039 0.0192 1 1
94 1 42 0.39 0.01638 0.03558 1 1
135 1 36 0.33 0.01188 0.04746 1 1
187 1 40 0.351 0.01404 0.0615 1 1
276 1 69 0.46 0.03174 0.09324 1 I
379 1 68 0.564 0.038352 0.131592 1 0.167 255 0.042585 0.042585 1
577 1 108 0.682 0.073656 0.205248 1 0.5 108 0.054 0.0%585 1
1469 1 204 2000+ ERR ERR 1 1.27 204 0.25908 0.355665 1
1862 1 110 1.389 0.15279 0.00021222 1 1.12 110 0.1232 0.478865 1
2873 1 332 1.305 0.43326 0.43347222 1 1.03 332 0.34196 0.820825 1
2945 1 38 0.934 0.035492 0.46896422 1 1
3000 1 1 0.45 68.5 0.030825 0.85165 1
1 1 1
2.0 " 1 CONC = 0.117 POROSITY = lSAHPLE H = 0.54 1
1 1 1
o 1 0 0 o 1 1
25 1 34 0.41 0.01394 0.01394 1 1
74 1 57 0.36 0.02052 0.03446 1 o 1
118 1 22 0.719 0.015818 0.050278 1 0.56 103 0.05768 0.05768 1
202 1 28 1.399 0.039172 0.08945 1 0 0.05768 1
238 1 28 0.967 0.027076 0.116526 1 0 0.05768 1
270 1 59 0.477 0.028143 0.144669 1 0.33 115 0.03795 0.09563 1
306 1 70 0.42 0.0294 0.174069 1 0 0.09563 1
341 1 64 0.42 0.02688 0.200949 1 0 0.09563 1
374 1 56 0.467 0.026152 0.227101 1 0.27 190 0.0513 0.14693 1
405 1 78.2 0.323 0.0252586 0.2523596 1 0 0.14693 1
433 1 78 0.295 0.02301 0.2753696 1 0 0.14693 1
736 1 550 0.419 0.23045 0.5058196 1 0.21 706.2 0.148302 0.295232 1
1379 1 462 1.183 0.546546 1.0523656 1 0.92 462 0.42504 0.720272 1
097
(583 Diffusion Test Data cont.)
1 1
4.0 It 1 CONe = 0.234 POROSITY = ISAHPLE H = 0.53
o 1 0 o 1 0 o 1
28 1 32 0.93 0.02976 0.02976 1 0 o 1
62 1 32 0.9065 0.029008 0.058768 1 0 o 1
95 1 37 0.824 0.030488 0.089256 I 0.64 101 0.06464 0.06464 1
138 1 48 0.912 0.043776 0.133032 1 0 0.06464 1
211 I 72 1.116 0.080352 0.213384 1 0 0.06464 1
252 1 56 0.969 0.054264 0.267648 1 0.72 176 0.12672 0.19136 1
289 1 80 0.97 0.0776 0.345248 1 0 0.19136 1
329 1 92 0.635 0.05842 0.403668 1 0 0.19136 1
358 1 60 0.7099 0.042594 0.446262 1 0.52 232 0.12064 0.312 1
400 1 146 0.461 0.067306 0.513568 1 0 0.312 1
435 1 129 0.437 0.056373 0.569941 1 0 0.312 1
466 1 96 0.509 0.048864 0.618805 1 0.32 371 0.11872 0.43072 1
768 1 105S 0.478 0.50429 1.123095 1 0.33 lOSS 0.34815 0.17887 1
1393 1 1 1. 01 126 0.12726 0.90613 1
1440 1 96 +2000 1 3.41 96 0.32736 1.10623 1
1465 1 95 0.785 0.074575 0.074575 1 0 1.10623 1
1530 1 260 0.621 0.16146 0.236035 1 0 1.10623 1
1571 1 155 0.555 0.086025 0.32206 1 0.4 510 0.204 1.31023 1
1607 1 127 0.536 0.068072 0.390132 1 0 1.31023 1
1648 1 136 0.543 0.073848 0.46398 1 0 1.31023 1
1701 1 166.5 0.562 0.093573 0.557553 1 0.36 429.5 0.15462 1.46485 1
1795 1 123.5 1.1151 0.13771485 0.69526785 1 0 1.46485 1
1875 1 97.5 o 0.6'3526785 1 0 1.46485 1
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D.6.2 Cummulative Mass Flux versus Time
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